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ULTRASONIC  RELAXATION  IN  ELECTROLYTIC 
SOLUTIONS:  I.  A  REVIEW 


by 

John  Stuehr  and  Ernest  Yeager 

-Abstract  of  Report- 


Ultrasonic  absorption  measurements  provide  a  means  for 
studying  the  kinetic  parameters  of  processes  which  occur  too 
rapidly  to  be  studied  by  conventional  techniques.  Considerable 
progress  has  been  made,  especially  in  the  past  decade,  in  the 
study  and  interpretation  of  relaxational  acoustic  absorption 
in  aqueous  solutions  of  electrolytes.  The  purpose  of  this 
technical  report  is  to  review  and  critically  evaluate  the 
available  relaxation  data  for  electrolytes. 

Ultrasonic  relaxation  theory  is  reviewed  with  particular 
reference  to  solutions  of  electrolytes.  Specific  processes 
include  the  relaxation  of  the  ionic  atmosphere  surrounding  ions 
in  solution,  and  unimolecular  and  dissociation  reactions.  The 
theoretical  treatment  of  the  multiple  relaxation  effects  asso¬ 
ciated  with  consecutive  equilibria  Is  reviewed. 

Eigen  (1958-61)  has  shown  that  the  observed  acoustic 
absorption  data  in  divalent  sulfates  can  be  explained  on  the 
basis  of  the  step-wise  loss  of  hydration  water  from  between 
the  partners  of  cation-anion  ion  pairs.  This  mechanism  is 
used  to  examine  critically  the  ultrasonic  absorption  data  in 
solutions  of  divalent  sulfates,  thiosulfates,  and  chromates. 

A  number  of  proton-transfer  reactions  (e_.£.  hydrolysis  or 
acid-base  dissociation)  have  been  studied  by  several  relaxational 
techniques.  Rate  constants  for  reactions  between  ions  in  aqueous 
solution  approach  the  theoretical  limiting  values  anticipated 
for  primarily  diffusion-controlled  processes.  Representative 
values  are  collected  and  discussed  in  relation  to  the  mechanisms 
responsible  for  the  relaxation  effects. 

A  brief  survey  of  experimental  methods  for  measuring 
ultrasonic  absorption  is  given  in  an  appendix. 
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--Preface-- 


Durinc  the  past  decade  considerable  progress  has  been 
made  in  interpreting  ultrasonic  relaxation  in  electrolytic 
solutions.  Despite  this  progress,  very  few  chemical  physicists 
have  made  use  of  this  very  important  tool  for  studying  the 
kinetics  of  fast  reactions  in  electrolytic  solutions. 

The  purpose  of  this  technical  report  is  to  present  a  re¬ 
view  of  the  progress  which  has  been  made  in  the  interpretation 
of  ultrasonic  relaxation  in  electrolytic  solutions,  princi¬ 
pally  during  the  past  decade.  Such  a  review  has  not  appeared 
in  a  readily-available  journal  or  text  in  recent  years.  Since 
it  is  hoped  that  this  review  will  be  useful  to  chemical  physicist 
not  familiar  with  general  aspects  of  acoustical  relaxation,  the 
mathematical  aspects  of  acoustical  relaxation  have  been  re¬ 
viewed  in  more  detail  than  might  otherwise  be  necessary. 

Later  reports  in  this  series  will  be  concerned  with 
experimental  studies  of  ultrasonic  relaxation  in  specific 
electrolytic  systems. 
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ULTRASONIC  RELAXATION  IN  ELECTROLYTIC  SOLUTIONS: 


A  REVIEW 

I.  THEORY  OF  CHEMICAL  RELAXATION 
A.  General  Consi.derat5.ons 

The  inability  of  a  classical  theory  based  on  simple  vis¬ 
cous  loss  and  thermal  conductivity  to  explain  the  excess  sound 
absorption  in  liquids  led  to  the  postulation  that  other  physi¬ 
cal  or  chemical  processes  of  a  relaxational  type  were  causing 
the  excess  absorption.  Chemical  relaxation  will  be  discussed 
in  this  report. 

Consider  a  reversible  chemical  reaction  at  dynamic 
equilibrium.  The  reaction  may  be  of  the  type 


with  an  equilibrium  constant 


K  = 


(1) 


where  kx  and  k_i  are  the  forward  and  reverse  rate  constants, 
respectively,  cx  is  the  fraction  of  A  converted  to  B,  and 

and  Cg  are  the  indicated  concentrations.  The  reaction  may 
also  be  one  of  dissociation 

AB  A  +  B 

k-i 


for  which  the  equilibrium  constant  is 

K  =  C  (2) 

k_1  1  -oc 

where  2;  is  the  degree  of  dissociation  and  C  is  the  molar 
concentration  for  AB  if  all  of  the  chemical  system  were  in 
the  form  of  AB.  Although  these  represent  the  types  of 
chemical  processes  which  have  received  the  most  thorough 
theoretical  treatments,  it  should  be  understood  that  the 
reactions  may  be  considerably  more  complicated.  Activity 
coefficients  have  been  assumed  to  be  unity. 


1 


2 


If  the  volume  of  the  products  and  reactants  differ,  a 
pre ssure- sensitive  chemical  equilibrium  results.  Under  these 
circumstances,  a  decrease  in  the  specific  volume  associated 
with  an  instantaneous  pressure  increment  in  the  system  can  be 
resolved  into  a  virtually  instantaneous  portion  plus  a  time- 
dependent  portion  which  will  asymptotically  approach  a  new 
limiting  value.  The  latter  portion  is  associated  with  the  shift 
of  the  chemical  equilibrium  with  the  pressure  increment.  For 
small  displacements  from  equilibrium,  the  equilibrium  will  shift 
such  that  after  a  finite  time  T"  the  time-dependent  portion  of  the 
specific  volume  will  approach  to  within  l/e  of  its  final  value. 

If  the  pressure  is  restored  to  its  original  value,  the  specific 
volume  will  again  undergo  an  instantaneous  change  followed  by  a 
time-dependent  change  such  that  the  time-dependent  portion 
approaches  to  l/e  of  its  final  value  within  a  time  T”  .  The 
situation  is  represented  graphically  in  Fig.  1. 

If  the  pressure  in  the  liquid  is  now  periodically  varied  so 

slowly  that  the  chemical  equilibrium  Is  continuously  maintained, 

then  the  specific  volume-pre ssure  relation  will  be  the  normally 

measured  static  one.  If,  on  the  other  hand,  the  pressure  in  the 

/ 

liquid  is  varied  so  rapidly  that  the  chemical  equilibrium  cannot 
be  appreciably  altered  during  the  pressure  change,  practically 
no  chemical  transposition  takes  place,  and  the  medium  will  be 
less  compressible  than  oreviouslv.  The  sound  velocity  thus  will 
increase  with  an  increase  in  frenuencv  and  will  approach  a 
limiting  value.  Since  the  system  cannot  immediately  re-esta¬ 
blish  equilibrium  with  a  pressure  change,  it  follows  that 
there  is  a  phase  lag  between  pressure  and  specific 


volume . 


-  It  - 

This  phase  lag  causes  energy  to  be  dissipated  within 
each  cycle.  The  integral  j£)PdV  represents  the  energy  lost  per 
cycle.  At  low  frequencies,  the  sound  energy  lost  each  cycle 
is  small,  since  most  of  the  potential  energy  stored  in  shifting 
the  equilibrium  can  be  regained  by  the  acoustic  wave.  As  the 
frequency  rises  from  a  low  value,  the  shift  in  equilibrium 
will  increasingly  lag  behind  the  pressure.  The  energy  lost  per 
cycle  increases  and  attains  a  maximum  value  at  an  angular  fre¬ 
quency  CJr  =  1/7" .  At  higher  frequencies,  variations  of  acous¬ 
tic  pressure  occur  so  rapidly  that  little  shift  in  equilibrium 
occurs  and  the  energy  lost  per  cycle  again  becomes  small.  The 
excess  absorption  per  wavelength  is  illustrated  in  Pig.  2. 


log  frequency 

Figure  2:  Absorption  per  wavelength  for 
a  relaxation  process 
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The  above  discussion  considered  a  system  in  which  the 


perturbations  from  equilibrium  conditions  were  brought  about 
fey  pressure  variations.  It  should  be  noted  that  temperature 
variations  also  present  a  method  for  perturbing  the  system 
from  equilibrium.  For  liquids  and  solutions  the  ratio  of 


specific  heats  is  nearly  unity,  and  therefore,  the  temoerature 
variations  associated  with  the  propagation  of  sound  waves  are 
small.  As  a  result,  a  relatively  large  entropy  change  is 
required  before  the  equilibrium  is  shifted  sufficiently  because 
of  temperature  fluctuations  to  give  significant  coupling  of  the 
equilibrium  process  to  the  sound  wave.  The  question  of  how 
large  a  volume  change  or  entropy  change  is  required  for  suffi¬ 


cient  coupling  of  the  process  to  the  sound  wave  to  show  up  as 
absorption  will  be  discussed  later. 

B.  Relation  of  Sound  Absorption  and  Velocity  Dispersion  to  the 
Relaxational  Compressibility 

The  adiabitic  compressibility  of  a  fluid,  which  is 
is  defined  by 

P*  =  -  MjAs  <3> 


two  terms, 
,  which  is 


may  be  written  as  consisting  of 
relaxational  compressibility  |3/ 
the  frequency  of  the  compression,  and  a  second 
the  compressibility  at  infinite  freauency^- 


one  Involving  a 
dependent  upon 


term 


fis  -  P  +  poo  ^ v  (k 

If  one  now  uses  the  notation  s  =  (f3s)P  =  ~y-  ,  where  s  is  the 
relative  compression,  the  presence  of  both  instantaneous  and 
relaxational  compressibilities  in  a  medium  may  be  expressed 
by  the  dynamical  stress-strain  differential  equation 


d  (  s-  Sop  ) 
dt 


Sq-s 

7" 


(5) 


"'’This  treatment  is  substantially  the  same  as  that 
by  L.  Hall,  Phys.  Rev.  775  (I9h8). 


presented 


*  For  simplicity,  is  taken  as  the  negative  of  the  value 

defined  by  eq.  3* 


-  6  - 


or 


&- ♦ 


(V  -  ftsf 


ft, oP 


(6) 


where  is  the  instantaneous  compressibility  (the  compressi¬ 

bility  as  Cl)— *oo  ),  ($0  is  the  total  or  static  compressibility 
(as  CO — >0),  (30P  =  sQ  is  the  equilibrium  value  of  the  com¬ 

pression  for  an  applied  constant  pressure,  and  the  constant 
T*  will  be  identified  as  the  relaxation  time.  Eq.  5  and  6 
are  applicable  only  for  small  values  of  s0  -  s.  For  a 
sinusoidal  pressure  variation  P  =  Poe^^^,  one  may  write 


s  =  iCJs  =  -~- 

the  solution  of  which  is 

s0  +  Soo  i  c^~r 
s  "  l  +  iwr 

which  is  equivalent  to 

ft  =  — 

J  I  + 

in  which 


ico  Sqo 


s  -  s__ 

o  co 

1  +  i  CjJT  S°° 


(7) 


(8) 


/  +  icoT 


-h 


ft 


'00 


Pr  =  fto 


(3 


00 


Comparison  with  eq.  shows  that 

fir 


(3  - 


/  +  iou>r 


(9) 


(10) 


(11) 


At  very  low  frequencies  the  compressibility  becomes  the 
ordinarily  measured  static  one 

Po  =  Pod  +  ftr  (12) 

The  compressibility  is  related  to  the  velocity  by 

p  I 


Pft 


(13) 


By  combining  eq.  9  and  13,  the  square  of  the  velocity  of  a 
wave  in  a  relaxational  medium  may  be  written  in  the  complex 
form 

-  / _ 

c  =  77Z7  :  757”"  \  (iu ) 


\  !  +  (<oTj 


7  - 


the 


The  relaxational  compressibility  may  now  be  related  to 
plane  wave  absorption  coefficient  <X  which  is  defined  by 


I 


I 


e 

o 


-2<2x 


(15) 


where  Ic  is  the  initial  sound  intensity,  I  is  the  intensity  ^ 
at  a  distance  x,  and  Ot  is  the  amplitude  absorption  coefficient  , 
The  equation  describing  the  sinusoidal  motion  of  a  plane  damped 
wave  may  be  written  in  the  form 

_  cx  X 

g  =  Ae  e  us) 


where  f  is  particle  displacement  and  v  is  phase  velocity. 
Comparison  of  eq.  16  with  the  usual  equation  for  ^  ,  i..e,.  , 


1  - 

cGJ  ( t 

Ae 

-X/c) 

(17) 

shows  that 

iu> 

c 

which  gives 

4 

i  1 

1.0J 

V 

SL 

(18) 

1  _ 

1 

CA 

a  to. 

(19) 

C1^  ~ 

VX  ( 

Co  V 

Equation  lL}  can  be  rearranged  to  the  form 

1  p  (fto  +•  _  LCJ^f  (If  \ 

c*  t  \  /  4-  /  +  co*rx) 

If  the  imaginary  parts  of  eq.  19  and  20  are  equated  and  one 
solves  for  the  relaxational  absorption. 


2  C  (3  o(  I  +  T1  ) 

where  f*  has  been  replaced  by  1/ ( c ^  py  )  *=  1/c 
been  replaced  by  c  —  reasonable  assumptions,  since 
Furthermore , 


(21) 

and  v  has 

^  »  a* 

V 


_  _TT 

5.  C  —  )w 


(22) 


? 

It  should  be 
oL  sometimes 
cient,  which 


noted  that,  particularly  in  the  older  literature, 
also  refers  to  the  intensity  absorption  coeffi- 
is  twice  the  amplitude  absorption  coefficient. 
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where  is  the  wavelength.  Therefore,  the  excess  or  relax- 
ational  absorption  per  wavelength^  may  be  written  as 


r 


b-t  - 


■rrftr  co  r 

/  t  to'-T* 


This  equation  has  a  maximum  value  at  an  angular 
H. -  Vr  ,  at  which  frequency 


(23) 


frequency 


(otl)  =  IT gr  ■  (214) 

The  excess  absorption  per  wavelength  may  be  expressed 
in  terms  of  the  related  quantity  0fr /f2; 

=  ZLjr^T  f^r _ 1  (25) 

£  f30  c  1  +  to*  r*- 


-  arr^rpr.  ec- 


/ 

/  to*  ra 


(26) 


where  f  =  60/21T  is  the  frequency  expressed  in  cycles/second. 
One  can  write  then3 

ex'  *  I  , 

=  A  +  B  (27) 

where  B  represents  the  absorption  when  and  A  is  the 

constant  factor  in  the  relaxational  absorption  of  eq.  25. 

The  shape  of  this  curve  is  shown  in  Fig.  3* 

A  complicating  factor  in  the  measurement  of  relaxational 
sound  absorption  associated  with  specific  chemical  processes 
is  that  it  must  be  distinguished  from  absorption  due  to 
other  processes,  principally  associated  with  the  solvent. 

If  the  relaxation  frequencies  due  to  different  processes 
are  separated  by  at  least  decades,  to  a  good  approximation 
the  effects  of  absorption  processes  are  additive  . 


In  addition  to  the  maximum  absorotion  per  wavelength 
occurring  at  the  relaxation  frequency,  there  is  also  a  dis¬ 
persion  of  the  sound  velocity  in  the  vicinity  of  the  relaxa¬ 
tion  frequency.  Calculation  from  theory^  gives  for  the 
velocity  dispersion  in  the  case  of  a  single  relaxation  process 


Co  Gao  • 


It  6Ja  T 


(28) 


^The  symbols  and  refer  to  the  excess  or  relaxa¬ 

tional  absorption,  whereas  oC  generally  is  used  to  mean  the 
the  total  absorption. 

^J.  Markham,  R.  Beyer,  and  R.  Lindsay,  Revs.  Modern  Phys. 

2 2,  374  (195D 


where  c0  and  Coe  are  the  limiting  low  and  high  values  of  the 
velocity.  This  is  related  to  the  maximum  excess  absorption 


per  wavelength  by 


=  e. 


/*■ 


Furthermore,  if  c  =  c0  +  Ac ,  where  Ac  ^  c0f  eq.  29  becomes 

_  faji w  C«  —  ^  (3' 

7T 


The  shape  of  the  sound  dispersion  curve  from  eq.  29  is 
illustrated  in  Fig.  1;. 

Equations  23  and  25  are  general  acoustic  relaxation 
equations.  It  remains  to  evaluate  the  relaxational  part 
of  the  compressibility  (3^  ,  the  form  of  which  depends 

on  the  type  of  process  under  consideration. 

C.  Relaxation  Effects  Involving  the  Ionic  Atmosphere 

A  complication  in  the  study  of  chemical  relaxation  in 

electrolytic  solutions  is  the  possibility  of  simultaneous 

excess  absorption  due  to  relaxation  effects  involving  the 

ionic  atmosphere.  For  this  reason,  a  brief  discussion  of 

ionic  atmosphere  relaxation  will  be  presented. 

••  5 

According  to  the  Debye-Huckel  interionic  theory",  any 
ion  in  a  solution  may  be  considered  to  be  surrounded  by  an 
ionic  atmosphere  of  predominantly  opposite  charge.  Rearrange¬ 
ments  of  the  ionic  atmosphere  associated  with  some  type  of 
disturbance  may  be  characterized  by  a  relaxation  time.  The 
relaxation  of  the  ionic  atmosphere  has  been  treated  theoreti¬ 
cally  by  Hall^.  The  ionic  atmosphere  about  a  particular  ion 
is  time-average  symmetrical  as  to  charge,  but  there  are  con¬ 
tinuous  rearrangement  and  interchange  of  the  ions  in  different 


^P.  Debye  and  E.  Huckel,  Phys.  Z.  2U .  1 85  (1923). 
^L.  Hall,  J,  Acoust.  Soc.  Am.  21^,  7OI4  (1952). 
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atmospheres.  When  the  central  ion  moves,  an  asymmetry  develops 
in  the  ionic  atmosphere  because  of  the  finite  time  required  for 
the  re-establishment  of  an  equilibrium  distribution  of  the 
ionic  atmosphere.  The  resulting  charge  asymmetry  exerts  a 
retarding  force  on  the  motion  of  the  central  ion. 

Hall^  gives  the  following  rate  equation  for  the  rearrange¬ 
ment  of  ions  in  a  solution  of  a  symmetrical  electrolyte  under 
the  influence  of  an  external  electrical  field  or  mechanical 


force  .* 


r  bfcc)  sc  _  —  ^(£SlL  -  2L -  p 

dt  +  k*  b  rx  <?7rc  ^ 


(31) 


where  cfc  is  the  deviation  from  the  time-average  concentration 
C,  r  is  the  distance  of  separation  of  ions,  and  T  is  the 


relaxation  time  given  by 

I 


'T  = 


KT  K*  (  »/P  ) 


(32) 


In  this  equation^,  k  is  the  Boltzmann  constant,  T  is  the  abso¬ 
lute  temperature,  is  the  reciprocal  of  the  effective  radius 
of  the  ionic  atmosphere,  and  ( l7f  )  =  ^  (^T  +  ^  )  with  p, 
and  the  friction  coefficients  for  cations  and  anions. 

For  a  harmonic  sound  field,  the  time  dependence  of  all  vari¬ 
ables  is  assumed  harmonic  (first-order  solution),  and  eq.  31 


^Hall  gives  this  equation  with  a  factor  of  2  in  the  denominator. 
The  correct  form  is  given  by  Harned  and  Owen,  The  Physical 
Chemistry  of  Electrolytic  Solutions,  Reinhold  Publ.  Corp. , 

New  York,  195° »  P* 
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leads  to  the  relaxational  bulk  modulus 


kT*3  /vbln*2\  AdlnX2\  ; 

-  •  aiv  \-w—)T  tttt 


iwr)' 


✓  z  \  / 

or  K  =  K  ‘flCJt).  The  term  K  is  the  maximum  value  of  K 
r  r  r  r 

occurring  at  CO  =  0.  The  static  (CJ-M})  bulk  modulus  is 

K  =  K~  +  K 


where  K(j>  is  the  modulus  at  high  frequencies. 

The  excess  absorption  per  wavelength  is  given  by 

.  ■/* 


(oA\  Kr-.-fr  -±) 

W  r  C0  Ko  *fY  +  l 


X(v  +  i) 


whereas  +  <*)*!'  )  +  /j  "2~  and  Cq  is  the  low-frequency  value  of  the 

velocity  c.  The  maximum  in  the  absorption  per  wavelength 

(y°~-  I  )'/a~ 

occurs  at  COT  =  2(2  +  S$~)1/d  =  4.1  for  which  yIy+I)  iS 
about  0.30.  The  maximum  absorption  per  wavelength  is  then 


®The  adiabatic  bulk  modulus  is  defined,  as  K  =  -V )g  =  V 
Like  the  compressibility,  it  may  be  written  as  the  sum  of  two 
terms , 

K  =  K®  +  K 

where  K$e  is  the  instantaneous  or  high  frequency  modulus  and 
Kp  is  the  frequency-dependent  relaxational  bulk  modulus.  It 
is  negative  because  >  K  (i_.e_.  at  very  high  frequencies 
the  system  becomes  less  compressible).  From  these  definitions, 
the  various  compressibilities  and  moduli  are  related  as 
follows: 

~  ^/K  )  floo  ~  ^  j fXcJD 

but 

fir  ~  ~  A  fi  P00  ^  l/ 


-  13  - 


(oU) 


=  -0.94 


since  the  velocity  dispersion  is  small. 

The  maximum  absorption  per  wavelength  may  be  calculated 
from  eq.  33  and  36  with  the  following  approximation: 


2 

/Vdln*2\  /vdlntf2\  -AainK2\  .  /V^D,  ,\2. 

V39  l'(  5v  )  VTv  )  'Uav  V  ■ 


where  D  is  the  dielectric  constant. 

The  quantity  Is  taken^  as  59*4  x  10“^  cm^  dyne~\ 

The  relaxation  time  is  calculated  from  eq.  32.  A  convenient 


expression  for  (  i7p)  is 


d/e  )  = 


965000  |z1|  +  |z2| 


where  A  is  the  equivalent  conductance  of  the  electrolyte,  z^ 
and  Zp  are  the  ionic  valences,  and  £  is  the  electronic  charge. 

The  maximum  excess  absorption  per  wavelength  and  relaxation 
times  have  been  calculated  for  a  typical  uni-univalent  electro¬ 
lyte  (NaCl)  and  di-divalent  electrolyte  (MgSO^).  The  results 
are  given  in  Table  1.  A  comparison  of  the  values  of  (  0( /f  ) 

at  the  frequencies  fp  with  the  value  of  22  x  10  ^  for  Of/f^ 
for  water  at  25°0  indicates  that  the  excess  absorotion  asso¬ 
ciated  with  relaxation  of  the  ionic  atmosphere  is  much  too 
small  to  be  measured  by  present-day  techniques.  Thus,  relaxa¬ 
tion  effects  in  the  ionic  atmosphere  should  not  result  in  any 
direct  complications  in  the  study  of  chemical  relaxation  in 
electrolytic  solutions  with  ultrasonic  absorption  techniques. 
The  ionic  atmosphere  cannot  be  neglected  in  such  studiesj 


?C.  Bachem.  Z.  Physik  101,  54l  (1936). 
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Table  1:  Calculated  relaxation  parameters  for  ionic  relaxation 
in  NaCl  and  MgSO^  solutions 


NaCl 

'T  sec. 
x  10* 

fr 

mc/s 

(c(X ) 

max 
x  109 

(or/f 2v 

x  101? 

0.001  M 

112 

5*9 

2.7 

0.0003 

0.01 

11.7 

56 

87 

0.0010 

0.1 

1.29 

510 

27OO 

0.0035 

i 

MgSO^ 

0.001  M 

3.1 

21 

20 

0.00064 

0.01 

0.46 

164 

660 

0.0027 

0.1 

O.O96 

683 

21000 

0.020 

however,  since  the  interactions  associated  with  the  ionic 
atmosphere  concept  have  a  major  influence  on  the  kinetics  of 
the  chemical  processes, 

D,  Chemical  Relaxation  in  Electrolytic  Solutions 

Several  chemical  processes  are  of  particular  interest  in 
electrolytic  solutions.  If  these  are  characterized  by  rate 
constants  corresponding  to  relaxation  times  between  10~^  and 
10  ^  sec.,  these  very  fast  processes  may  be  studied  by  the 
relaxation  techniques  involving  ultrasonic  absorption  measure¬ 
ments,  Among  these  processes  are  the  dissociation  and  hydrolysis 
reactions  which  are  known  to  occur  for  many  electrolytes.  These 
include  reactions  of  the  type 


AB 


and 

B”  +  H20  HB  +  OH' 

Specific  examples  for  which  relaxation  processes  have  been 
characterized  include  the  dissociation  of  weak  electrolytes 
such  as  and  the  hydrolysis  of  salts  such  as 

La(NO^)^^  and  Na^PO^^,  These  are  effectively  first-order 
second-order  processes  since  water  is  in  great  excess. 

Another  type  of  relaxation  which  occurs  in  aqueous  solu¬ 
tions  of  electrolytes  is  that  found  in  di-divalent  salts, 
particularly  the  sulfates, for  which  the  reaction  asso¬ 
ciated  with  the  relaxation  process  is  of  the  type 
M(H20)xA^  M(H20)x_1A  +  H20 

the  removal  of  water  of  hydration  from  an  ion  pair.  The 
mechanism  for  this  process  will  be  discussed  more  fully  in  a 
later  section. 

1.  Unlmolecular  Reaction s 

For  a  reaction  of  the  type 


■^K.  Tamm,  G.  Kurtze,  and  R.  Kaiser,  Acustica  L^,  38O  (1954)» 

■^G.  Kurtze  and  K.  Tamm,  Acustica  33  (1953)* 

Liebermann,  Phys.  Rev.  76,  1920  (1949 ). 

Eig9n,  G.  Kurtze  and  K.  Tamm,  Z.  Elaktrochem.  97 .  103  (1993 ). 
^J.  Smithson  and  T.  Litovitz,  J.  Acoust.  Soc .  Am.  2B,  It  62  (1996), 
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let  be  the  concentration  of  A  at  any  time,  the  concen¬ 
tration  of  B,  and  C  the  total  concentration  such  that 
C  =  +  Cg,  For  this  reaction  the  forward  and  reverse  rate 

constants  will  be  designated  as  and  k_^,  respectively.  If 
the  equilibrium  is  now  perturbed  from  its  equilibrium  value  by 
an  external  force,  the  rate  of  return  of  the  system  to  equili¬ 
brium  is  governed  by  the  rate  law 


dCB  dcA 


=  klCA  "  k-lCB* 


dt  dt 

At  equilibrium  the  net  rate  is  0,  so  that 


k°C° 

kl°A 


=  k°  n° 
K-1°B 


(39) 


(1*0) 


where  the  superscript  is  used  to  indicate  the  equilibrium  value. 
The  mass  action  equilibrium  constant  for  this  reaction  is 


K  = 


CB 


k° 

K1 


'I  '  *Zi 


Oil) 


If  very  small  periodic  perturbations  are  applied  to  the 
system.  It  may  be  assumed  that  the  perturbed  rate  constants 
and  concentrations  differ  only  slightly  from  their  equilibrium 
values.  Equilibrium  is  then  re-established  with  a  time  con¬ 
stant  T"  which  is  defined  by 


dC , 


Vc? 


0*2) 


dt  '-j- 

where  and  C°  are  the  instantaneous  and  equilibrium  values  of 
the  concentrations  of  the  i^*1  species,  respectively.  One  can 
write  for  the  perturbed  variables  a  series  of  relations  such  as 

'A'd  ( h  3  ) 

i£Jt 


CA  =  CA  + 


(cfcJelCOt 


rl  =  kl  +  )fi’ 


dill) 
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and  similar  expressions  for  and  k  The  quantities 
and  represent  the  amplitudes  of  the  small  variations  In 

and  associated  with  the  sound  field.  If  these  equations 
are  substituted  into  eq.  39,  there  results 

CB  =  CB)e±U)t  =  +  (£  CA)eiOJt^j  QkJ  +  (jfk^e1^^ 

-  +  (^k^Je1^  Qcj  +  (<fCB)elCJtQ  (45) 

If  this  is  now  expanded  with  all  second  order  terms  neglected 
and  the  resulting  expression  further  simplified  by  using  the 
relationships  k^C^  =  k^C®  and  ~  ~  (fCg»  one  obtains 

i6J(cfcB)  =  C*(cTk1)  -  k°(^CB)  -  k°1(<5'cB)  -  CgfcTk^)  (46) 


Factoring  terms  involving  d^Cg  results  in 

r  k°-|  cfk,  -  k°(fk  , 

<fcB(k®  +  k°x  +  16J  )  =  -I 1 - i— - C° 


k° 

-1 


K1 

Since  the  equilibrium  constant  K  =  £—  , 


-1 


f!l^K  = 


k®i^ki  -  kjcfk^ 


k° 

-1 


Substitution  of  this  into  eq.  47  yields 

(fcB(k°  +  k^  +  idj)  =  k®xCj(cfK) 


(47) 


(48) 


(49) 


The  variations  in  K  in  eq.  49  are  produced  by  the  pressure 
and  temperature  variations  associated  with  the  sound  waves. 

We  shall  consider  here  the  case  where  the  pressure  dependence 
of  K  is  the  predominant  factor  —  as  is  usually  the  case  for 
electrolytic  solutions. 
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The  thermodynamic  dependence  of  the  equilibrium  constant 
on  pressure  is  given  by  the  equation 


(Sr\ 


AV° 
-  "ITT” 


where  AV°  is  the  standard  volume  change  per  mole  of  reaction. 
One  can  then  write  for  a  small  change  in  K 


£  K  = 


(AV°)(  <f  P) 


Substitution  of  this  into  eq.  49  gives 

„  k°,C°  (AV°)  (cTp) 

6cr  =  ■  -ZL-* -  K 

a  RT  (kj  +  k®x  +  i 6J  ) 

From  the  relationships  C  =  CA  +  Cn  and  ^1  +  ^-1 

- - 

it  follows  by  algebraic  manipulation  that 


CK/^V' 


rr 


(K2  +  2K  +  1)  1  +  i6J/(k1  +  k^)] 


where  the  superscripts  have  been  dropped  since  only  the  time- 
average  values  of  the  rate  constants  henceforth  will  be  con¬ 
sidered. 

The  time-average  rate  constants  may  now  be  related  to  the 
relaxation  time  for  a  first-order  process.  From  eq.  39  with 
the  notation  &x  =  Cg  -  C°  =  -(CA  -  CA ) ,  one  obtains 

=  -  k^c^x  -  k_ ^  <f  x  (^4) 

because  k^C^  -  k  ^Cg  =  0.  Integration  yields 

ln(c^x)  =  -  (k^  +  k_1)t  +  Q  (55) 

where  Q  is  the  integration  constant  defined  by  the  conditions 

that  at  t  =  0.  <f x  must  be  its  initial  value  c^x  =  (Cn)  -  C„, 

O  si  O  d 


19 


Therefore , 


CB  *  Ci  = 


[CB>o  -  Cl] 


e-(kl  *  k-l>t 


Differentiation  yields 


«B  *  -  (kl  +  k-l>  (CB  -  CB>  <- 

Comparison  with  eq.  42  defining  the  relaxation  time  'T~  shows 


that 


T  - 


ki  *  k-i 


for  a  unimolecular  process.  Substituting  this  and  the  relation 
AF°  =  -RTlnK  into  eq.  53  results  in 


foc  C2W' 

I  <tf~L  =  •  2wir+' 


cosh 


i  +  i co'r 


The  excess  adiabatic  compressibility  for  this  reaction  is 


defined  as 


ft  -  -*• 


where  Y  is  the  ratio  of  heat  capacities  Cp/C^.  This  may  now 
be  related  to  the  change  in  concentration  of  component  B  with 
pressure  at  constant  temperature.  Before  doing  so,  it  would 
be  well  to  examine  the  compressibility  terms  in  some  detail. 

The  relative  compression  of  the  system  brought  about  by 
the  sound  pressure  may  be  expressed  ( cf_.  eq.  4)  as  the  sum  of 
two  terms,  one  the  instantaneous  compression  and  the  other  a 
frequency-dependent  relaxational  compression 

/O  / 


The  term 


v|3s  =  ♦  vps  (6i: 

(P  s'co  ls  the  adiabatic  compressibility  at  very  high 


frequencies  and  is  expressed  by 


20  - 


(f^cO55  "  ^(It) 


s’ca>cb 


The  relaxational  compressibility  is  that  due  to  a  change  in  the 
relative  amounts  of  A  and  B,  but  at  constant  partial  molal  vol¬ 
umes  for  all  components, 

ps  ■  -  t(!t)  y  5  v  (63) 

&,VA»VB»V1 

where  V^,  Vg,  and  are  the  partial  molal  volumes  of  components 
A,  3,  and  the  solvent,  respectively. 

Equation  60  can  be  written  in  the  form 


The  quantity 


is  AV°,  the  partial  molal  volume  change 


la>ZBjT,P 

for  the  chemical  process  at  constant  temperature  and  pressure. 


In  the  present  case. 


is  not  at  constant  pressure,  but 


VA,  Vg,  and  are  constant.  For  practical  purposes,  however. 


won 

Substituting  the  expressions  for 


d^G'T,  P 

ns  tm(§Z0\ 


=  aV 


Cq\ 

'  d  P  I- 


f  rom 


eq.  65  and  59 »  respectively,  into  eq.  6L|  results  in 


P.'  -  i 


c(z^v°  r 

*+  cosh  ( 


/  _/  f->r 

Since  /Jr  is  of  the  form  p  _  =  - 

1  1  y  /UcoT 

O  -  1  C(  AV°)2 _ 

Hr  ”  ^KT  [1  +  cosh (  z1FV«T 


l  +  i  cot 


it  is  now  apparent  that 


This  may  now  be  substituted  into  eq.  23  to  give 
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=  _L_ _ ILSl  _ ui_ 

r  y  [j  ■#  cosK  A F°/FCr]  i  +  a>*r* 

For  liquids  and  solutions,  Y  ==  1.  Furthermore, 

A  ^  /AF°\  (1  +  K)2 

1  +  coshf-j^J  =  — ^ - 

The  corresponding  equation  in  terms  of  0<r/f2  is 

,0(  v  _  TT  2  e  c  ( Av°  )2c _ 

'7?'r  t  .  /  AFb  Cl  rr  ,.*2^2 


r  r  V  HT  [l  +  cosh(-^r-)J  1  +C02r 

It  will  be  recalled  that 


'7- 

< 


1. e.  the  relaxation  time  is  independent  of  the  concentration 
of  reacting  species  and  the  magnitude  of  the  excess  absorption 
is  directly  proportional  to  the  concentration. 

2.  The  Pi ssoclatlon  Reaction 

The  effect  of  acoustic  pressure  variations  on  the  equili¬ 


brium 


(b) 


will  be  considered.  As  in  the  unimolecular  reaction,  k^  and 
k_^  will  represent  the  rate  constants  for  the  forward  and 
reverse  directions,  and  C^g,  C^,  and  Cg  the  molar  concentrations 
of  components  AB,  A,  and  B.  The  rate  of  approach  to  equilibrium 


is  given  by 

^CAB  dCA  dCR 

"  It”  =  dt“  =  3F~  "  klCAB  "  k-lCACB 


(71) 


Letting  0(  °  designate  the  equilibrium  value  of  the  degree  of 
dissociation,  we  have  the  relations  Cg  =  =  (0(°)C  and 

C^g  =  (l  -d°)C,  where  C  is  the  concentration  if  the  entire 
system  were  in  the  form  AB.  The  equilibrium  constant  for  this 
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reaction  is 


K  = 


CACB 


c(3°r  _  kj 
i  '  QL  *  =  i kf 


(72) 


AB  -  "id  “-1 
if  activity  coefficients  are  assumed  to  be  unity. 

Again  it  is  assumed  that  the  periodic  perturbations  of  the 
equilibrium  are  so  small  that  the  perturbed  quantities  can  be 
represented  in  the  form  =  C Of  0  +  and  so  forth 

for  the  other  functions.  These  are  now  substituted  into  eq.  71» 
Expansion  as  described  for  the  unimolecular  reaction,  neglecting 
the  second  order  terms,  and  use  of  the  equilibrium  conditions 
yields,  after  algebraic  simplification 

x'of  —  ('  -  Gfgl0)  &_tz± 

f  A.  off  C  -t  c  co 

Differentiation  of  the  equilibrium  constant  yields 

o 


(73) 


(74) 


which  becomes  after  the  application  of  the  definition  of  the 
equilibrium  constant 

h°(i-s<°YK  =  (1-2?)  ft? |-Cfe°)VK,  (75) 

Substitution  of  this  into  eq.  73  gives  for-  the  change  in  the 
degree  of  dissociation 

I?!,  (1- ?f)  <r/c 


($0{  —  _  .  _ _ 

+  OofCfr-i  t 

Again  from  eq.  ^0  one  can  write 
cfK  =  _  (  AV°)  6  P 


(76) 


RT 


K 


(77) 
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which,  substituted  into  eq.  76|  gives 

s*  _ 


sp  rt(z  *°c  /?:,  +  hr,  -t-i**) 

The  relaxational  compressibility  may  be  written  in  terms 
of  the  pressure  dependence  of  the  degree  of  dissociation 


(78) 


ft'  = - -f 

'  s  V  V  v. 


1  fdV\  [<*°(\ 


Y  V  \  /7-ld  P  J T 


(79) 


in  which  must  be  evaluated.  One  may  write  for  the  total 

volume  of  the  reacting  species 


V  =  nAVA  +  nBVB  +  nABVAB 


(80) 


where  n  and  V  are  the  indicated  number  of  moles  and  partial 

,  K 

molal  volumes.  Differentiation  with  respect  to  0\_  yields 

$  =  +  (81> 
Since  nA  =  nB  =  0(  CV  and  nflR  =  (1  -0(.  )C  V  ,  this  is  equivalent 


'AB 


to 


=  VAVC  +  VC  -  VABVC  =  CV  (  AV°  ) 

/&SL\ 

The  insertion  of  this  and  the  approximate  value  of  [^~p]T 
eq,  78  into  79  gives 

n'  _  »  fc_,  K  (AV°fC  (l  -«) 

'  Y*  RT(k.  t  7  (■  w) 


(82) 


from 


(83) 


Treatment  of  the  kinetics  of  a  first-second  order  process 
in  a  manner  analogous  to  that  for  the  first-first  order  process 
gives 


1^It  should  be  noted  that  nAdVA  +  nRdVR  +  nARdVflR  =  0 


‘Ba  B 


‘AB  '  AB 


i 


-  2k  - 


—  -(kn  +  2k  -CR)tfX 

cLt  l  -l  B 


where  <fx  =  CR  -  C°.  Comparison  with  eq.  42  shows  that 

=  kx  +  2CBk_1  =  ~+  2d  Ck_1  (8^ 

in  which  the  superscripts  have  been  dropped,  since  only  the 


equilibrium  values  are  henceforth  considered  .  Substituting 
this  and  the  relation  K  =  '/  -  of  into  eq.  83,  one  obtains 


o'  _  (  ^V°  V*  G  ( !  ~°L  ) 

'  JT  /?T  Ql-oL 


/  tcoT 


Prom  eq.  11,  one  can  identify  the  relaxational  part  of  the 
compressibility  and  substitute  it  into  eq.  23  to  obtain  for 
the  relaxational  absorption  per  wavelength 

( /h\  __  I  TTfAV0)*  cuT 

r  ~  X  ‘  pdRT  *  £-o<;  '  ' 

If  y  is  assumed  to  be  unity,  the  corresponding  equation  in 

p 

terms  of  <Vf  is 

/<5*  \  _  2.TT?C  (AV°)Z  g<C  T/~~gO  r 

V  £/r  RT  ^-2^  H-^T^ 


^ 


I  -h  eu'-T 


l-'T'Z. 


where 

T  = 


K,  +  50}  C  /?-, 


^  L' +  ^ 


The  rate  expression  for  a  dissociation  reaction  involving 
ions  is  more  correctly  expressed  in  terms  of  the  activities  of 


the  reacting  species. 

Thus , 

* 

t 

CG  =  It, 

0 

1 

It- 1  Ca  Co 

(90) 

-  25  - 

where  is  the  concentration  activity  coefficient  of  sub¬ 

stance  AB,  y+  is  the  mean  activity  coefficient  of  the  ions 

+  _  v)-¥- 

A  and  B  ,  and  g  is  the  activity  coefficient  of  the  activated 
complex.  If  one  assumes  the  activity  coefficients  are  not 
perturbed  from  their  equilibrium  values,  treatment  of  the  con¬ 
centrations  and  rate  constants  as  described  in  eq.  71  -  87 
yields  expressions  for  the  relaxational  absorption  per  wave¬ 
length  and  relaxation  time  for  the  dissociation  of  a  molecule 
into  its  ions.  Equation  87  for  the  absorption  per  wavelength 


remains  unchanged,  but  the  relaxation  time  becomes 
_ ^ _ 

T  fci  1-2*0  (%)"*■/?-!  (91' 

For  practical  purposes,  both  and  ¥  may  be  assumed  to  be 

unity,  so  that  eq.  91  is  the  same  expression  for  T*  as  that 
obtained  by  other  authors.1^1?  Wilson  and  Leonard1^5  arrived 
at  this  equation  by  introducing  the  activity  coefficients  into 
the  equilibrium  constant  for  the  reaction.  They  did  not, 
however,  introduce  the  activity  coefficients  into  the  rate 
expression  as  required  by  eq.  9O.  As  a  result,  their  expresn 
si  on  for  (<*>  )  involves  the  activity  coefficient  ^ ^  , 
whereas  eq.  87  does  not.  This  difference  will  be  discussed 
further  in  connection  with  the  mechanism  for  the  relaxation 
process  in  solutions  of  divalent  sulfates. 


0.  Wilson  and  R.  Leonard,  Absorption  of  Ultrasonic  Waves  in 
Solutions  of  Magnesium  Sulfate  ,  Tech.  Report  No.  If  (Office  of 
Naval  Research  Contract  N6-onr-27507 ) ,  Dept,  of  Phys .,  University 
of  California,  Los  Angeles,  Calif.,  June,  I95I. 

Tamm,  G.  Kurtze,  and  R.  Kaiser,  Acustica  L^,  38O  (1954)* 

* 

See  footnote  95,  p.  8l. 
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3 *  Generalized  Relaxation  Analysis 

Normally  the  specific  interaction  cannot  be  treated  as  a 
one-step  mechanism.  The  recombination  of  oppositely  charged 
ions,  for  example,  is  hindered  by  hydration  layers,  which 
have  to  be  removed  stepwise.  In  the  general  case  the  specific 
interaction  may  be  characterized  by  a  consecutive  reaction 
system  which  may  take  a  form  such  as  the  following: 

A+  +  B"  (AB)1  (AB)2^=±  . (AB)n  (c) 

This  system  has  a  spectrum  of  relaxation  times,  in  which  the 
number  of  time  constants  corresponds  to  the  number  of  indepen¬ 
dent  steps.  On  the  other  hand,  a  particular  relaxation  time 
does  not  necessarily  correspond  to  a  particular  step  in  the 
relaxation  scheme.  In  practice,  the  application  of  relaxation 
theory  to  the  generalized  situation  described  by  (c)  leads  to 
complicated  expressions  for  the  relaxational  parameters  7" 
and  .  A  mathematical  analysis,  however,  of  such  systems 

may  be  made  under  certain  assumptions. 

The  following  simple  system  will  illustrate  the  mathe- 

,  ,18,19 

matical  approach 


A  JllL  B 

21  K32 

Using  the  notation  =  6 ,  X^  =  and  X. 


(d) 


=  and 


18 

^Double  relaxation  has  also  been  treated  by  other  authors, 
including  R.  Beyer  -  R.  Beyer,  J.  Acoust.  Soc .  Am.  29, 

243  (1957). 

19 

7This  treatment  of  simultaneous  coupled  relaxation  processes 
is  similar  to  that  presented  by  Eigen  -  M.  Eigen,  Disc. 

Faraday  Soc.  2k»  25  (1957)*  See  also  M.  Eigen  and  L.  De  Maeyer 
in  Technique  s  of  Organic  Chemi stry,  Vol.  VIII,  Part  2, 
Interscience  Publ . ,  New  York  (at  press,  1962). 
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*1  =  f<i\  where  Aj  = 
to  equilibrium 

-l/Y  t  ,  one  may 

write  for  the 

approach 

h 

=  ”k12Xl 

+  k21X2 

(92  ) 

h 

=  k12Xl 

( k2i  +  k23^x2 

k32X3 

(93) 

h 

= 

k23X2 

k32X3 

(94) 

These  equations  may  be  arranged  to  the  form 


- 

<k12  *  X)h  * 

k21X2 

=  0 

(95) 

k12Xl  "(k21  + 

k23  + 

A )X2  +  k32X3  =  0 

(96) 

k23X2 

-  (k23  +  A  )x  =  0 

(97) 

These  homogeneous  linear 

equations  then  lead  to  the  condition 

that  the 

corresponding  determinant  of  the  coefficients  be 

equal 

to  zero; 

JL*  ^  *  t 

-o<12  +  A  ) 

k21 

0 

k12 

~(k21 

*  u23  +  A  )  k32 

=  0 

0 

k23 

-(k  2  +  X  ) 

where  the 

specific  values 

for  A 

are  the  eigenvalues  of  the 

functional  equation.  Expansion  and  cancellation  of  terms 
yields 

X3  +  <k12  +  k21  +  k23  +  k32U  2 

+  (k12k23  +  k12k32  +  k21k32^  =  0 

It  is  immediately  apparent  that  one  root  corresponds  to 

7^=  OO  -  a  )  and  that  eq.  98  reduces  to  the  quadratic 
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X  +  (k«?  +  kp.  +  k.  + 


12  21  23  32'A 

+  (k12k23  +  k12k32  +  k2lk32)  =  0 


Solving  this  yields 


A  = 


-b  -  Jo- he 


(10U) 


where  b  =  (k-^p  +  kp^  +  kp^  +  k^p)  and  c  =  +  ki2k32  + 

k21k32^*  ^'5ien  w^t!l  the  assumption  that  k^p  »k2i'>>  k23  ,k32  * 
eq,  100  yields  for  the  eigenvalue  Ap 

\  ~  -b  =  _b  (K 

d  2 


(101) 


T  =  .  JL. 

2  *2 


k12  +  k21 


(102) 


Expanding  the  square  root  term  in  the  form  (1  -  x % 
1  -  i  x  yields 


(102) 


k12  +  k21 
^2^23  ’^32  n 


C21k32 


(104) 


(105) 


k  +  k  .  .  ■  ■  — — 

32  23  k12  +  k21 


For  the  special  case  k^p»  k21'  reduces  to  the  ordinary 

relaxation  time  associated  with  the  isolated  process  B  C, 
The  system 


A  +  B 


(AB).  AB 

3  - - 
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nay  be  treated  in  an  analogous  manner  with  the  exception  that 
wherever  appears  it  is  replaced  by  [k12(CA  +  Cb3  • 

Thus,  for  this  system 


(106) 


l12 '  A 


+ 


k12<Cl  +  +  k21 

C° )  (k^3  +  )  +  1 


21  32 


(10?) 


(108) 


The  relaxational  absorption  per  wavelength  is  given  in 
general  by 

(°^ \  =  jsr  (ft  ,X^ri  +  ft  /  U09 ) 

where  (3^  and  p 3  correspond  to  pr  for  the  double  relaxation. 
The  principle  result  of  these  calculations  under  the  special 
assumption  ^2*^21  *s  tliat  ttiere  are  two  absorption 

maxima  due  to  two  independent  steps.  These  maxima,  however, 
do  not  correspond  uniauely  to  the  specific  steps  in  the  re¬ 
laxation  scheme;  >  a  particular  maximum  may  be  a  function 

of  the  kinetic  parameters  of  both  steps.  Only  when  the  rate 
constants  are  at  least  10-fold  different  for  the  two  steps 
( i_,e_.  ,  k^,  k^^k^,  )  can  a  Particular  maximum  in  the 

(°UY  function  be  associated  specifically  with  a  given  step. 

Eigen  has  extended  this  treatment  to  more  complicated 
20 

cases.  In  general  it  is  then  more  convenient  to  handle  the 
problem  by  means  of  matrix  analysis.  The  relaxation  times  must 


M.  Eigen,  Chemische  Relaxation,  Steinkopf,  Darmstadt,  I96I# 
as  quoted  by  M.  Eigen  and  L.  Be  Maever  in  Techniques  of 
Organic  Chemistry,  Vol.  VIII,  Part  2,  Interscience  Publ,, 
New  York  (at  press,  1962). 
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be  calculated  from  the  whole  system  of  linearized  rate 
equations.  Mathematically  this  is  a  problem  of  "principle 
axis  transformation"  in  which  one  has  to  find  a  new  set  of 
concentration  variables  (normal  variables  )  instead  of  the 
given  variables  X^  (  =  (5"c^,  C^Cg,  <5cAg  The  new 

variables  have  to  fulfill  the  condition 

*i  =  -  V77  (no) 

where  Y  =  dy/dt  and  “~t ^  is  the  corresponding  relaxation  time. 

21 

Eigen  has  applied  this  method  to  coupled  reactions  of  the 
type  considered  above. 

E.  Activation  Energy 

* 

For  the  reaction  where  M  represents  the 

activated  or  transition  state  for  the  reaction,  Eyring' s 
theory  of  absolute  reaction  rates  gives  the  specific  rate  constant 
for  the  forward  reaction  as 


k  =  «=  =  wK* 

r  h  CA  h 


(111) 


* 

where  K  is  the  equilibrium  constant  for  the  activation 
reaction,  k  is  Boltzmann’s  constant,  h  is  Planck's  constant, 

T  is  the  absolute  temperature,  and  C  and  are  the  concentra¬ 
tions  of  the  indicated  species.  The  term  kT /h  represents  the  fre¬ 
quency  at  which  molecules  pass  through  the  activated  state. 


The  true  equilibrium  constant  for  the  activation  is 


K 


4 

t  * 

—  K 


(112) 


21M.  Eigen, 


Disc.  Faraday  Soc.  2l^_,  25  (1957). 
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where  the  activity  coefficients  are  assumed  equal  to  unity. 

The  relationship  between  the  various  free  energies  in  the  three 
states  is  shown  in  Figure 


Reaction  Coordinate 


Figure  5*  A  2-state  free  energy  diagram 
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In  the  case  of  sound  absorption  by  a  chemical  reaction, 

the  relaxation  time  is  given  by  i  hr  -  ki  +  k  ^  for  a  first- 

* 

first  order  process.  If  one  assumes  that  (  A  F° )  =  (AF°)  - 

£ 

(AF0.^)  ,  the  reciprocal  of  the  relaxation  time  can  then  be 


written 


kl  + 


-1 


XT  .  1  ♦  e-<^°)/Hr 

h  (it”,  )*/HT 

e  - 1 


(115) 


If  it  is  further  assumed  that  one  of  the  rate  constants  is 
negligibly  small  compared  to  the  other,  e.g.  k^  «  k  ,  then 


=  27Tf  =  k 
'Y  r  -1 


(  AF°  V/RT 


kT_  -  v,  —  y  if 

h  1 


(116) 


Using  the  well  known  relation  /iF0  =  Z\H°  -  TAS°,  the  varia¬ 
tion  of  relaxation  frequence  with  temperature  may  be  used  to 
obtain  an  experimental  activation  energy,  which  is  assumed  to 
be  temperature  indeoendent  , 


log  (-sr  )  = 


(AH°) 


log  e  +  const. 


(117) 


A  plot  of  log  f  /T  is  made  against  l/I .  The  slope  of  the 

f  \* 

resultant  straight  line  is  then  used  to  obtain  f  AH  A  Since 
the  (pAV )  term  in  the  case  of  liquids  is  negligible,  this 
in  turn  is  virtually  equal  to  the  energy  of  activation  for 
the  process. 

A  complication  arises  from  the  fact  that  the  energies  of 
activation  for  many  processes  are  dependent  on  the  dielectric 
constant  of  the  solvent.  The  dielectric  constant  itself  varies 
with  temperature,  so  it  is  not  uncommon  for  workers  to  keep 
the  dielectric  constant  fixed  by  using  mixtures  of  solvents. 

In  systems  involving  solvent  Interactions  of  a  specific  chemical 
nature,  however,  the  validity  of  this  procedure  is  very 


doubt  ful . 
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II.  EXPERIMENTAL  METHODS  FOR  THE  STUDY  UF  RELAXATION  IN 
LIQUIDS 

A,  Ultrasonic  Absorption 

An  examination  of  the  general  curve  for  relaxational  absorp¬ 
tion  per  wavelength  (Pig.  2)  indicates  that  the  two  regions  of 
linear  dependence  are  separated  in  frequency  by  a  factor  of 
approximately  10-fold.  Thus,  in  contrast  to  optical  spectro¬ 
scopy,  ultrasonic  absorption  measurements  must  be  made  over  a 
very  wide  range  of  frequencies  to  characterize  fully  even  a 
single  relaxation  process. 

Present  day  techniques  are  sufficient  to  permit  the 

investigation  of  acoustical  relaxation  in  liquids  over  the 

2 1 

frequency  range  10  kc  to  me.  These  techniques  J  are 

listed  in  Table  2.  The  accuracies  listed  in  this  table  become 

Table  2:  Methods  for  the  measurement  of  ultrasonic  absorption 


method  frequency  range  accuracy  over  $0% 

for  aqueous  of  useable  range 

solutions^ 

(me/ s ) 


A.  Progressive  wave 

1.  pulse  two-transducer 

2.  pulse-reflector 

3.  optical  diffraction 
1*.  radiation  pressure 

3,  Standing  wave 

1.  interferometer 

C.  Reverberation 

1.  resonance 

2.  statistical 

D,  Direct 

1.  streaming 

2.  calorimetric 


10-300 

5% 

IQ-300 

5$ 

5-100 

5% 

3-60 

$%-10% 

10-100 

o.ui-i 

10 % 

0.1-3 

10% 

0.5-5 

10% 

21 

Jk  brief  description  of  these  techniques  is  given  in  the  Appendix 
^Range  providing  an  accuracy  of  at  least  -  20#. 
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become  considerably  poorer  as  the  limits  of  frequency  for  the 
methods  are  approached.  Furthermore,  the  majority  of  the 
methods  require  considerable  technique  and  are  far  more  time 
consuming  than  comparable  measurements  in  optical  absorption 
spectroscopy.  This  is  particularly  true  of  the  techniques 
available  for  measurements  at  frequencies  less  than  5  mc  and 
greater  than  60  me.  Until  considerable  refinements  are  made  in 
the  techniques  available  for  measurements  in  these  regions, 
physical  chemists  are  not  likely  to  make  extensive  use  of 
acoustical  absorption  for  the  study  of  the  kinetics  of  fast 
reactions  despite  the  major  importance  of  the  results  of  such 
measurement  s. 

In  addition  to  ultrasonic  absorption,  the  velocity  also 

reflects  the  relaxation  processes.  The  velocity  dispersion, 

however,  is  usually  very  small  in  electrolytic  solutions  and 

p  q 

very  difficult  to  measure.  Fox  and  Marion"  measured  the  dis¬ 
persion  associated  with  a  MgSO^  solution  by  driving  a  trans¬ 
ducer  simultaneously  at  its  fundamental  and  a  harmonic  and  then 
measuring  the  shift  in  phase  of  the  two  acoustical  signals 
after  the  signals  had  been  transmitted  through  a  given  distance. 
Further  details  will  be  given  later  in  this  report  in  conjunction 
with  a  discussion  of  experimental  studies  of  polyvalent  sulfates. 
B.  Step  Function  Techniques  for  Relaxation  Studies  in  Liquids 

The  kinetics  of  fast  chemical  reactions  can  also  be 
studied  by  step  function  techniques.  The  equilibrium  system 

^F.  Fox  and  T.  Marion,  J.  Acoust.  Soc.  Am.  2^.,  661  (19^3). 
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is  perturbed  by  a  sudden  change  in  temperature,  pressure,  or 
electric  field,  and  the  readjustment  of  the  system  to  an 
equilibrium  state  followed  as  a  function  of  time. 

Consider  an  equilibrium  of  the  form,  for  example, 

AB  - — -  A+  +  B"  (e  ) 

The  equilibrium  constant  is  dependent  upon  pressure,  temperature, 
and  field  strength.  The  application  of  an  instantaneous  impulse 
or  "jump”  of  pressure,  temperature,  or  field  strength  will  cause 
the  degree  of  dissociation  (Of  )  to  shift  with  the  time  dependence 
given  by  the  equation 


-  t/'T 

acx  =  (Agc)o  e  (118) 

where  is  the  shift  in  of  at  time  t  and  ( )  is  the  shift 

~  0 

in  o<  predicted  on  the  basis  of  the  dependence  of  the  equili¬ 
brium  constant  on  pressure,  temperature,  and/or  electric  field 
strength.  This  is  shown  schematically  in  Figure  6  for  the 
application  of  a  rectangular  jump  of  magnitude  I. 


Figure  6:  Effect  of  an  abrupt  impulse  upon 
the  degree  of  dissociation 
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1 ,  Pressure  Step-Functions 

A  chemical  equilibrium  depends  upon  pressure  if  the  cor¬ 
responding  reaction  involves  a  change  in  volume  ^V.  For 
example,  for  the  dissociation  reaction  considered  above,  the 
volume  change  is  given  by 


=  vA+  +  VB- 


V 


AB 


(119) 


where  are  the  partial  molal  volumes  of  the 
by  the  subscripts.  From  the  deoendence  of  the 
stant  upon  pressure  we  have  the  relation 

M  _  g t//-gQ  AV° 

/  /  / /- os')  RT 


species  indicated 
equilibrium  cnn- 


(120) 


where  AV°  is  the  volume  difference  of  reactants  and  products. 

If  the  reaction  involves  the  recombination  of  hydrated 
ions  to  a  neutral  molecule--as  is  the  case  for  the  ionic  dis¬ 
sociation  reaction--the  volume  change  may  be  quite  signifi¬ 
cant.  For  example,  for 


H20  ^=±  H+  +  OH"  (f) 

p  L 

AV°  =  22  crrr/mole.  Under  such  circumstances,  the  change  in 
o<  is  produced  primarily  by  the  pressure  dependence  of  the 
equilibrium  and  by  the  temperature  change  associated  with  the 
substantially  adiabatic  pressure  step. 

27-29 

The  pressure  st ep- funct i on  technique  has  been  applied 


^M.  Eigen,  Disc.  Faraday  Soc.  17 ,  19J-I  (19  )  • 

^H.  Strehlow  and  M.  Becker,  Z.  Elektrochem.  63 »  h^7  (19^9  )• 

Wendt  and  H.  Strehlow,  ibid.  ,  6U ,  131  (i960). 

^H.  Strehlow  and  H.  Wendt,  Trans.  Faraday  Soc.,  to  be 
submitted. 
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to  the  study  of  ionic  dissociation  in,  for  example,  the  aqueous 

FeCl^  system.  Experimentally,  the  system  is  under  a  pressure 

of  about  5>Q  atm,  which  is  suddenly  released  to  1  atm  by  means 

of  a  bursting  diaphragm.  The  time  needed  for  the  pressure  step 

amounts  to  %0  microsec.  After  the  pressure  step,  the  system 

approaches  the  new  equilibrium  state  with  a  relaxation  time  *7' 

as  described  in  eq.  118.  The  rate  of  approach  of  the  system 

to  its  new  equilibrium  value  can  be  followed  by  observing  the 

conductivity  changes.  The  relative  conductivity  change  caused 

by  the  reaction  after  a  pressure  step  of  %0  atm  i s  of  the  order 

of  1 %.  A  pressure  step  technique  has  been  developed  at  Western 

10 

Reserve  University  for  the  study  of  fast  electrode  processes." 

2 .  Temperature  Step-Function 

The  temperature  dependence  of  a  dissociation  eauilibrium 
is  described  by  the  well  known  van't  Hoff  relation 

M  =  «r/-gQ _*h1  U21) 

dT  /  +  ( /  RT 

where  AH0  is  the  standard  enthalpy  of  reaction. 

Since  sound  waves  in  aqueous  solutions  at  normal  tempera¬ 
tures  and  sound  amplitudes  do  not  give  rise  to  easily  measured 
temperature  changes,  periodical  variations  in  temperature  at 
high  frequencies  or  impulses  of  short  duration  can  hardly  be 
realized.  On  the  other  hand,  it  is  possible  to  change  the 

_  "7 

temperature  step-wise  within  a  very  short  time  (10  second). 
This  procedure,  which  is  known  as  the  "temperature  jump" 
approach  to  relaxatlonal  processes,  allows  a  direct  oscillo- 

10 

J  E.  Yeager,  Transactions  of  the  Symposium  on  Electrode  Pro¬ 
cesses  ,  John  Wiley  and  Sons,  New  York ,  lbhl ,  Chapter  77 
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graphic  observation  of  the  exponential  curve  of  A as  given 
in  eq.  118.  A  temperature  rise  of  several  degrees  centigrade 
may  be  brought  about  by  the  use  of  high  current  impulses, 
which  may  be  effected  within  a  short  time.  The  duration  of 
the  high  tension  impulse  must  be  short  in  relation  to  the 
time  lag  of  the  system  under  investigation.  The  rapid  tempera¬ 
ture  rise  following  the  Impulse  is  followed  by  observing 
oscillograph! c.allv  the  change  in  imbalance  of  a  conductance 
bridge.  The  method  is  limited  to  moderately  concentrated 
solutions,  since  the  use  of  excessively  high  field  strengths 
is  to  be  avoided.  Complete  exoerimental  details  as  well  as  a 
fuller  theoretical  treatment  are  given  in  the  literature  by 
Czerlinski  and  Eigen.  ^3 

Gerischer  has  recently  considered  the  absorption  of  a 
high  energy  microwave  pulse  in  a  system  as  a  means  of  obtaining 
a  temperature  step.  The  absorption  of  optical  energy  in  the 
visible  or  infrared  appears  attractive  as  a  means  of  producing 
a  temperature  rise.  Ultraviolet  radiation  should  be  avoided  in 
order  to  prevent  rhotodecompositi on. 

3 .  Wien  Effect  II 

The  influence  of  electrical  field  density  E  on  the  degree 
of  dissociation  was  first  reported  by  Wien  and  Schiele.  It 
is  generally  known  as  the  dissociation  field  effect  or  the 

-^G .  Czerlinski  and  M.  Eigen,  Z.  Klektrochem.  6^.,  652  (1959). 

-^G .  Czerlinski,  H.  Diebler.  and  M,  Eigen,  Z.  phvsik.  Chem. 

(Frankfurt)  1^.,  2l|6  (lqEp). 

^L.  De  Maeyer,  Z.  Elektrochem.  61^,  65  (i960). 

^M.  Wien  and  J.  Schiele,  Phvsik.  Z.  32 ,  51*5  (1931). 
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second  Wien  effect.  According  to  Onsager,  J  the  dependence  is 


given  to  a  first  approximation  by 

cM  _  o laAl 2.aZ8) 
JlEj  h-r/"*)  aca  * 


(122) 


where  z  =  ionic  charge,  /x  =  ionic  mobility,  £  =  electrical 
charge,  D  =  dielectric  constant  of  the  solvent,  k  =  Boltzmann 
constant,  and|E|=  the  absolute  value  of  the  field  strength. 
For  uni -univalent  electrolytes  this  reduces  to 


<3  f !  ^0  9. 6I4.  cm 

dJFj  ~  DT2 


(123) 


In  aqueous  solutions  this  approximation  is  valid  for  field 
strengths  up  to  several  hundred  kv/cm.  For  acetic  acid  with  a 
field  strength  of  200  kv/cm,  the  change  in  the  degree  of  dis¬ 
sociation,  as  determined  from  the  increase  in  conductivity  at 
these  field  strengths,  is  about  12$.-^  With  strong  fields  the 
use  of  a  periodic  variation  of  the  field  densitv  is  prohibited 
because  of  resulting  progressive  heating.  It  is  necessary  to 
apply  very  short  electrical  impulses  of  variable  duration. 

Upon  the  application  of  a  sudden  electrical  field  impulse  |E), 
the  degree  of  dissociation  Of  changes  from  its  static  value 
to  that  determined  by  eq.  118.  Measurement  of  the  change  in 
conductance  with  time,  osoillographioally  or  otherwise,  pro¬ 
vides  a  method  of  determining  7'  for  the  dissociation  process. 


^ L .  Onsager,  J.  Chem.  Phys.  2,  999  (1933)* 
36J.  Schiele,  Physik.  Z.  6u  (1933). 
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Details  of  the  experimental  anparatus  are  given  in  the 
literature . ^  ^ 

As  of  date,  no  one  appears  to  have  considered  the  use  of 
a  magnetic  field  for  the  same  purpose;  i_.  e..  a  magnetic  field 
step  function.  Such  does  not  appear  to  be  out  of  the  question. 

The  method  will  probably  be  more  complex  than  those  just 
described . 

III.  PRESENT  STATE  OF  RELAXATION  PROCESSES  IN  ELECTROLYTES 
A.  Measurements 

Strong  1-1  valent  electrolytes  such  as  KC1 ,  NaCl,  KBr, 

and  KI ,  show  no  excess  absorption  over  that  of  distilled  water 

within  the  accuracy  of  the  measuring  apparatus.  The  accuracy 
IQ 

is  estimated^7  to  range  from  the  order  of  magnitude  of  water 

=  t  25  x  10"^)  at  very  low  frequencies  (10  to  100  kc/s) 
and  *5$  from  5  mc/s  to  100  mc/s.  In  several  instances,  "nega¬ 
tive"  absorption  at  high  frequencies  has  been  reported  with 
certainty,  £.£.  for  NaBr  and  Nal  above  00  mc/s^  and  for  sodium 
and  potassium  acetate  above  15  mc/s.^’^  A  5  M  solution  of 
NaBr  at  83  mc/s  showed  a  30^  reduction  in  the  absorption  coef¬ 
ficient  relative  to  pure  water,  with  the  magnitude  of  the  effect 

-^M,  Eigen  and  J.  Schoen,  Z.  Elektrochem.  (483  (1955)* 

De  Maeyer,  Z.  Elektrochem.  6L[_,  65  (i960). 

-^G .  Kurtze  and  K.  Tamm,  Acustica  33  (1953)* 

^®R,  Barrett  and  R.  Beyer,  Phys.  Rev.  81^,  lu6u  (I95I). 

^ R.  Barrett,  R.  Beyer,  F.  McNamara,  J.  Acoust.  Soc.  Am.  26 . 

966  (195U). 


dependent  upon  the  concentration.  A  possible  explanation^® 
based  upon  the  Hall  model^  for  ultrasonic  absorption  in  water 
is  that  the  ions  shift  the  equilibrium  of  ^0  molecules  between 
their  two  postulated  configurations.  According  to  the  Hall 
model,  the  excess  absorption  of  ultrasonic  waves  in  water  over 
that  expected  on  the  basis  of  shear  viscosity  and  thermal 
conductivity  is  associated  with  the  perturbing  of  the  equili¬ 
brium,  The  shift  produced  by  the  salt  favors  the  more  compact 
structure  and  is  such  as  to  lower  the  absorption.  This  would 
indicate  that  some  error  is  introduced  in  treating  the  absorp¬ 
tion  coefficient  as  the  sum  of  that  due  to  solute  and  that  to 
solvent.  The  magnitude  of  this  non-additive  effect  does  not 
appear  to  be  great  and  is  not  expected  in  any  case  to  involve 
a  change  approaching  the  magnitude  of  the  absorption  of  pure 
water.  Thus,  if  the  total  absorption  of  the  solution  is  high 
compared  to  water,  the  lack  of  strict  additivity  can  be 
ignored. 

For  weak  and  partially  hydrolyzed  1-1  valent  electrolytes, 
in  several  instances  anomalously  high  absorption  and  the  pre¬ 
sence  of  a  relaxation  frequency  have  been  reported.  This  was 
first  observed  in  salts  containing  the  acetate  radical.  For 
example,  in  sodium  and  potassium  acetates  the  results  of 
Barrett,  Beyer  and  McNamara^  by  a  radiation  pressure  technique 
indicated  that  there  was  a  relaxation  frequency  at  a  frequency 
below  the  limit  of  their  measuring  apparatus  (10  mc/s).  In 
both  sodium  and  potassium  acetates,  the  absorption  of  the 

42 


L.  Hall,  Phys.  Rev.  21#  775  (1948) 
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solutions  above  15  mc/s  fell  below  that  of  pure  water* 

Ammonium  hydroxide^  was  the  first  1-1  electrolyte  found 
to  have  very  high  excess  absorption.  Since  the  dissociation 
equilibrium  constant  is  of  the  order  lQ-^,  the  degree  of 

dissociation  in  a  1  M  solution  is  only  about  0.3$.  The  equili- 

* 

brium  in  this  electrolyte  is  of  the  type 

kl  + 

NH,  +  H„0  — NH.  +  0H“  (z) 

3  2  -  4  6 

-1 

The  acoustic  perturbation  of  this  equilibrium  is  assumed  to 
account  for  the  observed  relaxation  process.  Prom  the  expres¬ 
sion  for  the  relaxation  time  for  a  dissociation  reaction 
(eq.  91 ),  it  follows  that  at  very  low  concentrations  the  relaxa¬ 
tion  frequency  depends  only  upon  k^,  while  at  higher  concentra¬ 
tions  the  relaxation  frequency  is  proportional  to  ^±Ck  ^ 
where  ^  is  the  mean  activity  coefficient.  Kurt ze  and  Tamm 
found  that  the  relaxation  frequency  increased  from  20  mc/s  to 
60  mc/s  in  going  from  a  concentration  of  0.^  M  to  5  M. 

Increasing  concentration  also  increased  the  magnitude  of  the 
maximum  absorption  per  wavelength,  but  not  in  a  linear  fashion. 

Carnevale  and  Litovitz^'  made  a  study  of  the  effect  of 
high  pressure  on  this  relaxation  and  found  that  with  increase 
in  pressure,  the  magnitude  of  the  absorption  decreased  while 
the  relaxation  frequency  Increased.  These  effects  may  be  ex¬ 
plained  by  the  pressure  dependence  of  and  f  ,  which  in 

^K.  Tamm,  G.  Kurtze,  and  R.  Kaiser,  Acustica  1^,  38O  (1994)* 

^E.  Carnevale  and  T,  Litovitz,  J.  Acoust.  Soc.  Am.  3 0,  610 
(1958). 

It  is  generally  assumed  that  NHyHoO  is  an  intermediate  in 
this  reaction,  and  that  the  dissociation  of  the  latter  is  the 
measured  step. 


constants  indicate  that  the  ammonium  and  hydroxyl  ions  combine 

spontaneously  with  ions  of  opposite  charge  if  the  partners 

o 

approach  each  other  within  a  distance  of  E  A.  This  distance 
is  consistent  with  the  normal  radii  of  hydrated  ions  as  indi¬ 
cated  by  more  detailed  considerations.^ 

The  rate  constants  for  the  water  dissociation  reaction 

k,  , 

H-O  H  +  OH"  (h) 


have  been  determined  by  Eigen  and  his  coworker s^ by  Wien  Effect 
II  relaxation  studies.  This  relaxation  process  is  not  observed 
acoustically  because  of  the  extremelv  small  degree  of  disso¬ 
ciation  for  water.  For  the  neutralization  orocess  the  rate 

-1  m  -1-1 

constant  k  is  l.£  x  10lx  liter  mole"  sec"  ,  whereas  for  the 
dissociation  k^  =  2  x  10"^  sec"\  This  is  to  be  compared  with 
the  dissociation  process  when  HgO  is  associated  with  NK^,  in 
which  case  the  rate  constant  for  the  dissociation  of  NH^’HpO 
is  4  x  1<)5  sec"1. 

2-1,  1-2,  3-1  valent  electrolytes,  other  than  acetates  and 

cyanides,  show  little  or  no  excess  absorption  at  low  frequen- 
q  q 

cies.  7  Specific  examples  of  salts  of  these  types  include 
NapCO^,  KpSOj^,  MgClp  and  AlCl^.  The  absorption  of  solutions  of 
these  salts  is  so  close  to  that  of  water  that  differences  are 
measurable  only  above  10  mc/s.  Solutions  of  acetates,  however, 
have  high  absorption  and  in  several  cases  exhibit  relaxation 

liQ 

frequencies.  The  data  of  Bazulin  indicate  a  relaxation 
process  in  zinc  acetate 

^M.  Eigen,  Z.  physik.  Chem.  Frankfurt,  1_,  176  (I9BL1). 

^M.  Eigen,  Z.  Elektrochem.  E^.*  986  (19EE). 

^P.  Bazulin  and  J.  Merson,  Gomot.  rend.  U.S.S.R.  ?)i  ,  6Q0  (1939). 
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solutions  of  concentrations  ranging  from  0.0^  to  Q.l£  M  with  a 
relaxation  frequency  in  the  vicinity  of  10  mc/s.  The  data  of 
Barrett,  Beyer  and  McNamara^  show  for  copper  acetate  a  relaxa¬ 
tion  frequency  at  about  18  mc/s.  This  frequency  depends  on 
concentration  over  the  experimental  range  0.000^  to  0.3  M. 

The  accuracy  of  the  radiation  pressure  method,  however,  was 
not  sufficiently  great  to  determine  the  exact  concentration 
dependence.  Leonard  and  Wilson  report^  for  a  0.02  M  solution 
of  magnesium  acetate  a  relaxation  frequency  in  the  vicinity  of 
70  kc/s  with  an  absorption  per  wavelength  of  the  same  order  of 
magnitude  as  the  highly  absorbing  divalent  sulfates. 

Excess  relaxational  absorption  in  potassium  cyanide 
solutions  has  been  observed  in  the  authors’  laboratory  and 
will  be  the  subject  of  a  future  technical  report. 

The  only  example  of  a  3-1  valent  electrolyte  studied  that 
shows  a  relaxation  process  is  La(N0^)^,  which  exhibits  very  high 
values  of  excess  absorption  per  wavelength.  ^  Kurt ze  and  Tamm 
believe  that  this  relaxation  is  also  due  to  a  dissociation  pro¬ 
cess,  but  in  view  of  the  complex  nature  of  an  aqueous  solution 
of  this  substance,  no  information  as  yet  is  available  as  to  the 
specific  step  involved.  The  high  absorption  is  probably  related 
to  the  large  AV  for  this  reaction,  which  is  estimated  to  be 
40  cm^/mole.  With  increasing  concentration  the  relaxation  fre¬ 
quency  increases  from  £0  mc/s  at  O.15  M  to  90  me  at  0.3  M. 

Wilson  and  R.  Leonard,  Absorption  of  Ultrasonic  Waves  in 
Solutions  of  Magnesium  Sulfate,  Tech.  Report  No.  ( Office 
of  Naval  Research  Contract  N6-onr-275>07 ) >  Dept,  of  Physics, 
University  of  California,  Los  Angeles,  Calif.,  June,  1951. 


Spedding  and  Atkinson-^  have  reported  for  Nd(NO^)^  an 
adiabatic  compressibility  in  the  1  mc/s  region  which  shows  an 
amazingly  large  dependence  on  frequency.  At  1  mc/s,  the  apparent 
molal  compressibility  is  I.30  x  10  (cm-5  bar"  mole  )  and  at 

2  mc/s  is  1.20  x  l0  ^  units  at  25>°C.  The  explanation  of  these 
data  is  not  clear,  but  they  may  indicate  a  relaxation  process 
in  the  vicinity  of  10^  c/s. 

Na^PO^  i s  an  example  of  a  1-3  valent  electrolyte  that  has 
a  relaxation  process.  The  relaxation  frequency^  i  s  approxi¬ 
mately  £0  mc/s  at  0.01  M  and  shifts  to  above  100  mc/s  at  0.1  M. 

In  sharp  contrast  to  the  solutions  of  salts  of  other 
valencies,  the  2-2  valent  electrolytes,  and  in  particular  the 
divalent  sulfates,  nearly  all  show  anomalously  high  absorption 
at  some  frequencies  and  many  exhibit  one  or  more  relaxation 
processes.  The  mechanism  of  the  relaxation  processes  in  these 
solutions  was  in  doubt  for  many  years. 

The  problem  of  abnormal  sound  absorption  associated  with 
MgSQ^  was  first  encountered  in  absorption  measurements  in  the 
sea,  although  early  workers  did  not  realize  that  the  minor 
constitutent  MgSO^  in  sea  water  was  responsible  for  this  ab¬ 
normal  absorption.  The  first  reported  absorption  measurements 

^2 

in  sea  water  appear  to  be  those  of  Stephenson,  who  made  deter¬ 
minations  at  20  and  4®  kc/s.  Other  measurements  were  made  during 

-^F.  Spedding  and  G.  Atkinson,  Chap.  22  in  W.  Hamer,  ed.,  T he 
Structure  of  Electrolytic  Solutions,  John  Wiley  and  Sons, 

New  York,  1959*  P»  334 •  ™ 

Stephenson,  The  Absorption  Coefficient  of  Sound  in  Sea 
Water .  Report  S^T^’^r^THrTTuglTst'T^T'T^TS^ 


In  all 


World  War  II  by  Everest  and  O’Neil-^  and  by  Eckart.^ 
cases,  the  absorption  in  sea  water  at  the  lower  frequencies  was 
found  to  be  at  least  an  order  of  magnitude  greater  than  that  in 
fresh  water.  In  1948,  Liebermann^  extended  the  range  of  the 
measurements  to  about  1  mc/s.  The  method  used  was  to  mount 
large  crystals  onto  the  hulls  of  ships  and  to  make  send-receive 
pulse  measurements  over  several  miles  path  length.  These  results 
are  shown  graphically  in  Figure  7,  in  which  o(  has  been  plotted 
versus  frequency.  It  is  clear  from  the  shape  of  the  curve  drawn 
through  the  experimental  points  that  there  is  a  relaxational 
effect  with  a  relaxation  frequency  of  about  120  kc/s. 

The  relaxation  process  was  at  first  attributed  by 
Liebermann^  to  a  shift  in  the  pressure-sensitive  equilibrium 
involving  the  dissociation  of  Na+Cl  ion  pairs.  He  also  ad¬ 
vanced  a  theory  based  upon  this  assumption  which  predicted  a 
proportionality  of  the  absorption  coefficient  0<  to  (Cp  -  Cv ) , 
the  specific  heat  at  constant  pressure  minus  that  at  constant 
volume.  This  theory  has  not  been  supported  by  experiment, 
however,  since  sodium  chloride  solutions  were  found  to  have 

96 

little  absorption  beyond  that  due  to  an  increase  in  viscosity. 

It  was  subsequently  shown  by  Leonard  and  Wilson^*'’^*'’^  that 

^F.  Everest  and  H.  O’Neil,  Attenuation  of  Underwater  Sound, 

NDRC ,  C4-sr30-494  UDCWR,  July  6,  1944* 

^C.  Eckart ,  Attenuation  of  Sound  in  the  Sea,  NDRC  Report  U-236, 
Project  NS-140  UCDWR,  July  6,  19lj4 • 

^L.  Liebermann,  J.  Acoust.  Soc.  Am.  20,  868  (1948)* 

^R,  Leonard,  The  Absorption  of  Sound  in  Liquids  by  a  Resonator 
Method ,  Tectu  Report  No.  I  (Office  of  Naval  Research  Contract 
N-6-onr-27907 )  University  of  California,  Los  Angeles,  Calif., 
June,  lg^O. 

*0.  Wilson  and  R.  Leonard,  J.  Acoust.  Soc.  Am.  26,  223  ( 1954 )  • 
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Figure  7:  Absorption  in  sea  water  (fron  Markham,  Beyer,  and 
Lind  say^  ) 

the  excess  absorption  in  sea  water  was  due  to  the  presence  of 
a  small  amount  of  MgSO^  (0.02  M).  He  found  that  a  0,02  H 
MgSOj^  solution  more  than  accounts  for  the  excess  absorption 
and  that  the  lower  value  actually  observed  in  sea  water  is  due 
to  the  presence  of  the  larger  amounts  of  NaCl,  whichhasthe 

Markham,  R.  Beyer,  and  R.  Lindsay,  Rev.  Modern  Phys.  23, 

UOU  (1951). 
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effect  of  depressing  the  magnitude  of  the  absorption  due  to 
MgSO^.^  The  data  of  Leonard  and  Wilson'^’-^  and  Kurtze  and 
Tamm^  further  showed  that  the  relaxation  frequency  of  120  kc/s 
at  20°C  is  almost  independent  of  concentration  from  0.003  M  to 
0.1  M,  and  that  the  excess  absorption  is  proportional  to  the 
concentration  over  this  same  range.  In  this  connection  Kurtze 
and  Tamm  define  an  absorption  cross-section^  Q  =  where 

C  is  the  concentration  of  solute  in  moles  cc"'*'  and  N  is 
Avogadro’s  number.  The  absorption  cross-section  can  be  visual¬ 
ized  as  the  molecular  cross-sectional  area  normal  to  the  direc¬ 
tion  of  propagation  of  a  plane  wave  through  which  the  energy 
absorbed  by  a  single  electrolyte  molecule  passes.  Where  the 
absorption  is  proportional  to  concentration,  the  absorption 
cross-section  Q  will  be  the  constant;  where  the  absorption 
increases  less  rapidly  than  the  concentration,  Q  decreases. 

•30 

In  addition,  Kurtze  and  Tamm-77  found  a  less  prominent, 
secondary  relaxation  peak  in  MgSO^  solutions  around  200  mc/s 
at  0.01  to  0.1  M.^3  Their  data  for  O.Qi  M  MgSOj  are  repro¬ 
duced  in  Figure  8. 

With  increasing  temperature,  the  relaxation  freouencies 
are  shifted  to  higher  values  in  accordance  with  eq.  116.  From 
the  temperature  dependence  of  U6>r  ,  Leonard  and  Wilson-^ 
obtained  for  the  apparent  heat  of  activation  7,6  kcal  mole  ^ , 
and  Kurtze  and  Tamm-^  6.5  kcal  mole  The  magnitude  of  ) 

remained  approximately  constant  over  the  temperature  range. 


max 
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To  obtain  more  information  about  the  nature  of  the  reaction, 
Kurtze  and  Tamm^,  3ies^°,  Fisher^1,  among  others  made  extensive 
studies  of  the  effects  of  pH,  ionic  strength,  common  ions, 
dielectric  constant,  and  pressure  on  the  relaxation.  With  res¬ 
pect  to  the  effect  of  hydrogen-ion  concentration,  Kurtze  and 
Tamm  found  that  the  magnitude  of  the  absorption  decreased  as 
HC1  was  added,  and  that  the  relaxation  frequency  was  shifted 
upward  slightly.  For  example,  the  addition  of  0.1  M  HC1 
decreased  the  excess  absorption  by  10-fold,  while  the  relaxa¬ 
tion  frequency  approached  200  kc/s. 


^K.  Tamm  and  G.  Kurtze,  Nature  168,  3^6  (1951). 
Bies,  J.  Chem.  Phys.  2^.,  !j28  (1955)* 

Fisher,  J.  Acoust.  Soc.  Am.  i£,  1,42  (1958). 
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Laidler  and  Eyring  have  derived  general  equations  des¬ 
cribing  the  effect  of  dielectric  constant  and  ionic  strength 
upon  the  rates  of  reaction  between  different  species.  The 
effects  of  these  two  parameters  upon  rate  constants  are  sum¬ 
marized  in  Table  ^  This  table  does  not  take  into  account 
specific  interactions  of  reacting  species  with  solvent  molecules. 

Table  Effect  of  dielectric  constant  and  ionic  strength  upon 

the  rate  of  reaction”^ 


Reaction  Type 

Increasing 

Dielectric 

Constant 

Increasing  Ionic 
Strength 

dipole  -  dipole 

increa  se 

no  effect 

ion  -  ion 

same  sign 

increase 

increase 

opposite  sign 

decrease 

increase 

ion  -  molecule 

decrease 

increase 

Kurtze  and  Tamm  found  that  the  addition  of  NaCl  to  MgSQ^ 
solutions  decreased  the  magnitude  of  the  absorption  according 
to  the  rule 


cK 


r  + 

MgSOj+ 


MgSO 

B.31 


'NaCl 


(126) 


where  0(0  is  the  absorption  in  the  absence  of  NaCl.^9  No  change 
in  the  relaxation  frequency  was  observed. 


K.  Laidler  and  H.  Eyring,  Ann.  N.  Y.  Acad.  Sci.  ^3.,  3O3  (1940) 

^K.  Laidler,  Chemical  Kinetics,  McGraw  Hill  Book  Co.,  Inc., 

New  York,  19^0,  pi  I32. 
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Consider  the  equilibrium  constant  for  the  dissociation  of 
an  ion  complex,  i_.j9. 

Mg+2*SOj4"2  ==  Mg+2  +  SO^"2 

k_i 


K 


/  -  a 


(127) 


The  effect  of  adding  to  the  solution  neutral  ions,  such  as  those 
of  sodium  chloride,  will  reduce  the  activity  coefficient  of  the 
magnesium  and  sulfate  ions,  V+  •  If  the  overall  concentration 
of  the  magnesium  sulfate  and  the  equilibrium  constant  remain 
unchanged,  this  will  result  in  an  increase  of  the  value  of 
the  degree  of  dissociation.  The  effect  of  this  upon  the  sound 
absorption  due  to  a  reaction  involving  the  associated  ions  in 
the  magnesium  sulfate  solution  would  be  not  only  to  decrease 
the  magnitude  of  (&X  )  in  accordance  with  eq.  87  but  also 
to  decrease  the  relaxation  frequency  according  to  eq.  91.  This 
latter  prediction  is  contrary  to  the  observations  of  Kurtze  and 
Tamm  as  well  as  measurements  in  the  authors’  laboratory  which 
will  be  discussed  in  a  future  technical  report.  Thus,  a  dis¬ 
sociation  of  ion  pairs  does  not  appear  likely  as  the  mechanism 
for  the  excess  absorption. 

Kurtze  and  Tamm  also  found  that  the  addition  of  0,01  M 

MgClg  or  Na£S0^  nearly  doubled  the  magnitude  of  the  absorption 

in  the  vicinity  of  the  relaxation  frequency,  while  the  effect 

•so 

of  further  addition  of  these  salts  was  additive. 

In  liquids  with  a  smaller  dielectric  constant  than  water, 
the  energy  of  dissociation  is  larger  and  the  relaxation  process 
should  be  shifted  to  lower  frequencies  if  a  dissociation 
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process  is  rate  determing.  Tamm,  Kurtze  and  Kaiser^  made 
measurements  in  0,2  M  MgSO^  solutions  in  which  the  dielectric 
constant  was  varied  by  the  use  of  water -methanol  and  water- 
ethanol  mixtures  as  solvent.  The  result  of  these  investigations 
was  that  the  relaxation  frequency  did  shift  to  lower  frequencies 
as  the  dielectric  constant  was  lowered.  For  example,  the  0.2  M 
MgSO^  in  10$  by  volume  ethyl  alcohol  solution  (D  =  73-S)  had  a 
relaxation  frequency  of  about  60  kc/s,  and  the  magnitude  of  the 
maximum  absorption  per  wavelength  was  about  $0%  higher  than  that 
for  pure  water  as  solvent.  The  effect  of  methanol-water  mixture 
was  similar.  These  workers  suggested  that  the  increase  in  the 
magnitude  of  the  maximum  absorption  was  due  to  an  increase  in 
the  percent  of  undissociated  molecules.  The  relaxation  fre¬ 
quencies  are  given  for  several  dielectric  constants  in  Table  5* 
Bies^0  carried  out  measurements  in  dilute  solutions  of 
magnesium  sulfate  over  the  concentration  range  0.001  to  0.02  M 
in  solvents  of  dielectric  constant  6?.0  and  5 6 • 5 •  The  dielectric 
constant  was  varied  by  using  di oxane-water  mixtures.  The  relax¬ 
ation  frequencies  observed  by  Leonard  and  Wilson^  in  water 
solutions  (D  =  78. $)  were  compared  with  those  in  the  mixed 
solvent  systems.  The  results  of  these  experiments  are  shown 
in  Table  It  is  seen  +■ hat  the  relaxation  frequency  first 

increased,  then  decreased,  with  decreasing  dielectric  constant. 

No  explanation  was  afforded  for  this  unusual  dependence  of  the 
relaxation  frequency  on  dielectric  constant.  In  agreement 
with  the  data  of  Leonard  and  Wilson  for  water  solutions,  the 
relaxation  frequency  increased  with  concentration  in  the  mixed 
solvent  systems.  Furthermore,  it  was  found  that  the  magnitude 
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Table  5:  Effect  of  dielectric  constant  and  concentration  on 
the  primary  relaxation  frequency  in  MgSOi  at  2%°C. 


concentration 


relaxation  frequency,  kc/s 


D  =  78.5' 


56. 5C 


0.001 

0.0015 

175 

110 

0.002 

135 

130 

0.0025 

0.003 

130 

185 

135 

0.005 

0.0052 

140 

200 

155 

0.008 

140 

230 

0.01 

130 

240 

0.014 

138 

0.02 

D  =  78.5 

77.o 

76.0 

73.5 

71 

0.2143 

~i4o 

80 

70 

60 

^50 

of  the  excess  absorption  increased  considerably  ns  the  dielectric 

constant  was  decreased.  For  example,  at  0,005  M,  the  magnitude 

of  {(XX  )  was  15  x  lO-'",  27  x  10-^,  and  34  x  10”^  at  the 
ma  x 

dielectric  constants  78. 5>  67. 0,  and  56.5,  respectively.  Bies 
was  able  to  show  that  such  results  as  the  increase  in  absorption 
in  solutions  of  lower  dielectric  constant,  dependence  of  the 
relaxation  frequency  on  concentration,  salt  effects-77,  etc.  . 
in  dilute  MgSO^  solutions  could  be  explained  on  the  basis  of  a 
dissociation  reaction  of  the  type 

MgSC^  ^  Mg++  +  S0^ 
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Fisher^  measured  the  absorption  in  a  0.5  M  MgSO^  solution 
from  100  to  600  kc/s  by  a  resonator  method  which  allowed  the 
application  of  high  static  pressure.  He  found  that  the  absorp¬ 
tion  at  20,000  psi  was  only  one-fourth  of  that  at  atmospheric 
pressure.  The  observed  relaxation  frequancy  in  this  solution 
was  192  kc/s,  and  it  remained  constant  with  pressure  within  the 
accuracy  of  the  experiment,  which  was  estimated  to  be  10^.  More 
recently^,  Fisher  has  reported  his  findings  on  the  dependence 
of  the  relaxation  frequency  on  pressure  at  various  dielectric 
constants  for  the  solvent.  The  dielectric  constant  was  varied 
by  using  dioxane-water  mixtures.  His  results  are  shown  in 
Table  6  for  0.5  M  MgSO^  at  25°C.  It  is  seen  that  in  the  mixed 
solvent  systems,  the  relaxation  frequency  decreases  with  pressure. 

Table  6:  Effect  of  dielectric  constant  and  pressure  on  the 

primary  relaxation  frequency  in  0.5  M  MgSO^  at  25°C 


solvent 

dielectric 

constant 

relaxation 
1  atm. 

frequency, 

15,000 

kc/s  reference 
psi 

water 

78 

192 

192 

64 

\yfo  dioxane 

67 

160 

105 

65 

2%%  dioxane 

56 

200 

I87 

65 

the  effect  being  the  most  pronounced  in  the  solution  of  dielectric 
constant  67.  Perhaps  the  most  surprising  result  is  that  at 


Fisher,  J,  Acoust.  Soc.  Am.  ^0,  I4I42  (1958). 
k^F.  Fisher,  J.  Acoust.  Soc.  Am.  ^2,  1510  (i960) 


atmospheric  pressure,  the  relaxation  frequency  first  decreases, 
then  increases  with  decreasing  dielectric  constant.  This  be¬ 
havior  is  as  puzzling  as,  and  exactly  opposite  to,  that  observed 
by  Bies^  for  concentration  less  than  0.02  M  where  the  relaxation 
frequency  was  found  to  first  increase,  then  decrease  as  the 
dielectric  constant  was  lowered.  No  explanation  is  immediately 
obvious  for  either  set  of  data.  Some  of  the  difficulty  with 
respect  to  Fisher's  data  at  atmospheric  pressure,  at  least,  could 
be  removed  by  noting  that  Fox  and  Marion^  have  reported  the 
relaxation  frequency  in  0.53  M  MgSO^  as  160  kc/s  at  25°C.  As  of 
i960,  Fisher  was  engaged  in  repeating  his  earlier  measurements^ 

2k 

in  water  solutions  (D  =  78)  in  order  to  clarify  the  situation. 

Due  to  the  small  velocity  dispersion  in  liquids,  the 
detection  of  velocity  dispersion  in  the  vicinity  of  a  relaxation 
frequency  is  not  easily  measured.  The  magnitude  of  the  expected 
difference  in  velocity  at  frequencies  well  below  and  well  above 


the  relaxation  frequency  is  given  by 


AC  _  r,  _  (C<-X)y»aX 
c  7T  /  -f  00*7 x 


(128) 


In  1993  Taskoprulu^  reported  a  value  of  (0.37  -  0.15 )  x 
10'3  for  in  a  1  M  MgSO^  solution  from  5  to  15  mc/s.  This 

value  was  obtained  by  averaging  the  results  of  several  measure¬ 


ments  by  the  optical  diffraction  method.  The  reported  value  is 


^F.  Fox  and  T.  Marion,  J.  Acoust.  Soc.  Am.  2^_,  661  (1953)* 

^N.  Taskoprulu,  Rev.  Fac.  Sci .  Istanbul,  Al8 ,  337  (1953)* 

^  More  recent  data  received  too  late  for  .inclusion  in  this 
report  are  found  in  F.  Fisher,  Techn.  Memorandum  No.  46 
(Office  of  Naval  Research  Contract  Nonr-l866(24 ) ,  Harvard 
University,  Cambridge,  Mass.  (March,  1962). 
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open  to  serious  question,  because  of  the  unusually  large  value 
over  a  relatively  small  frequency  range  well  above  that  where 
the  primary  relaxation  process  is  effective.  Furthermore,  the 
indicated  error  is  almost  $0%  of  the  measurement. 

Almost  simultaneously,  Fox  and  Marion  reported  a  more 

66 

reasonable  value  for  the  dispersion.  They  measured  the  dis¬ 
persion  directly  as  the  difference  in  velocity  of  two  harmoni¬ 
cally  related  sound  waves  which  traversed  the  same  acoustic 
path  and  were  detected  at  the  same  point.  The  acoustic  path 
could  be  varied  from  75  to  165  cm.  With  dispersion  present  the 
phase  relations  changed  by  an  amount  that  depended  upon  the  path- 
length  and  the  dispersive  properties  of  the  medium.  They 
measured  the  dispersion  as  a  function  of  concentration  over  the 
range  0.1  to  0.53  M  Tor  the  first  and  third  harmonic  frequencies 
of  a  fundamental  frequency  of  157  kc/s  with  an  estimated  accuracy 
of  3  parts  in  10  .  The  measured  dispersion  between  the  funda¬ 
mental  and  third  harmonic  for  a  0.53  M  solution  was 

=  2.8  x  10~^  in  the  vicinity  of  25°C.  Fox  and  Marion  obtained 
the  total  dispersion  (c oo  ~  coVc Q  by  a  graPhical  method  and 
reported  the  value  13.6  x  10  ^  per  mole/liter.  This  compares 
favorably  with  the  value  for  the  total  dispersion  calculated 
from  eq.  128.  Fox  and  Marion  used  Tamm  and  Kurt ze ' s  value  of 

(<xX  )  =  U . 5  x  10~^  neper  per  wavelength  for  a  0.1  M  solution, 

max  —  - 

This  leads  to  a  calculated  dispersion  of  II4..3  x  10-^  per 
mole/liter. 

Anomalous  absorption  has  been  reported  in  many  other  2-2 
valent  electrolytes.  One  of  these  which  has  been  studied  in 
nearly  the  same  detail  as  magnesium  sulfate  is  manganous  sulfate. 
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for  which  Kurtze  and  Tamm  reported  a  primary  relaxation  fre¬ 
quency  of  about  3  mc/s^  and  a  secondary  relaxation  frequency 
of  about  300  mc/s^,  the  same  value  as  for  MgSO^.  The  presence 
of  the  low  frequency  relaxation  process  was  confirmed  by 
Smithson  and  Litovitz0  who  made  measurements  in  solutions  of 
concentrations  varying  from  0.0$  to  0.20  M  In  addition,  these 
authors  reported  a  third,  less  pronounced  relaxation  process 
with  a  relaxation  frequency  in  the  vicinity  of  30  mc/s.  This 
frequency  appeared  to  be,  within  the  accuracy  of  the  measuring 
apparatus,  independent  of  concentration.  They  also  determined 
the  activation  energy  for  the  primary  relaxation,  the  concen¬ 
tration  dependence  of  the  relaxation  frequencies  and  the 
absorption  cross-section  Q,  and  the  effects  of  changing  the 
dielectric  constant  and  using  D£0  as  a  solvent. 

Although  the  specific  nature  of  the  process  responsible 
for  the  relaxation  was  not  then  known,  the  apparent  activation 
energy  associated  with  the  primary  relaxation  process  was  cal¬ 
culated  with  the  assumption  that  one  of  the  rate  constants  was 
much  larger  than  the  other.  Under  this  condition,  the  change 
in  the  rate  constant  with  temperature  is  reflected  in  the  varia¬ 
tion  of  the  relaxation  frequency  with  temperature  according  to 

/  O 

eq.  116  and  117.  Smithson  and  Litovitz0  varied  the  temperature 
of  the  solution  and  observed  an  apparent  activation  energy  for 
the  process  associated  with  the  3-mc  relaxation  frequency  of 
7.8  kcal  mole”^.  In  addition  to  the  isocomposition  situation, 
measurements  were  also  made  under  isodielectric  conditions 


68 


J.  Smithson  and  T.  Litovitz,  J.  Acoust.  Soc.  Am,  28,  U62 
(1956). 
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under  which  the  dielectric  constant  of  the  solution  was  kept 
constant  by  adding  methanol  with  each  temperature  change.  The 
activation  energy  under  these  conditions  was  8.7  kcal/mole, 
which  was  somewhat  above  the  values  obtained  for  either  pure 
water  or  methanol  as  solvent.  No  activation  energy  was  found 
for  the  30  mc/s  nrocess,  which  may  have  been  overshadowed  by 
the  shift  with  temperature  of  the  larger  maxima  on  either  side. 

Verma  and  Kor^*?0  on  the  other  hand,  measured  the  variation 
of  the  relaxation  frequency  with  temperature  in  water  solutions 
of  0.1  M  MnSO^  and  found  that  the  relaxation  frequency  changed 
from  3.0  mc/s  at  20°C  to  I4 . 0  mc/s  at  60°C.  This  small  shift  of 
relaxation  frequency  corresponds  to  an  experimental  activation 
energy  of  only  0.82  kcal  mole-'*'.  No  explanation  is  given  for 
the  large  difference  with  respect  to  Smithson  and  Litovitz’ s 
results,  although  it  should  be  pointed  out  that  the  latter’s 
measurements  were  over  the  temperature  range  5  to  %0°C.  The 
authors  of  this  report  favor  the  value  of  Smithson  and  Litovitz 
as  being  more  reasonable.  Again,  it  should  be  pointed  out  that 
measurements  of  activation  energy  without  identification  of  the 
specific  process  responsible  for  the  absorption  are  complicated 
by  the  Inability  to  associate  the  observed  activation  energy 
with  a  given  rate  constant. 

The  low  frequency  (primary)  relaxation  process  was  found  by 

68 

Smithson  and  Litovitz  to  be  slightly  dependent  on  the  concen¬ 
tration.  The  relaxation  frequency  increases  from  3*3  mc/s  at 


.  Verma  and  S.  Kor,  Proc.  Phys.  Soc.  (London)  ]_2,  8l  (1958) 
7°S.  Kor  and  G.  Verma,  J.  Chem.  Phys.  2^,  19  (1958). 
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0,05  H  to  3*8  tnc/s  at  0.2  M.  A  more  complicated  dependence  of 
the  primary  relaxation  frequency  in  MnSO^  upon  concentration  has 
been  reported  by  Verma  and  Kor  .  According  to  the  data  of  these 
authors,  the  primary  relaxation  frequency  increases  with  increasing 
concentration  from  0.0025  to  0.02  M,  is  independent  of  concentra¬ 
tion  from  0.02  to  0.1  M,  and  apain  increases  with  concentrations 
above  0.1  M.  An  idea  of  the  magnitude  of  the  concentration  de¬ 
pendence  of  the  relaxation  frequency  in  dilute  solutions  is 
given  by  the  reported  relaxation  frequencies  of  2.5,  2.7, 

2.9  and  3*2  mc/s  at  the  concentrations  0.0025,  0.005,  0.01  and 
0.02  M,  respectively,  at  25°C.  Similar  behavior  is  observed  by 
Verma  and  Kor  for  solutions  of  dielectric  constants  5&.5  an^  4^ 
over  the  same  concentration  range.  No  explanation  is  given  for 
this  unusual  concentration  dependence  in  water-dioxane  solutions, 
Smithson  and  Litovitz  found  that  the  magnitude  of  the  excess 
absorption  increased  linearly  with  concentration  to  about  0.1  M. 
Above  this  concentration,  the  absorption  increased  less  rapidly 
than  the  concentration.  The  use  of  D^O  as  a  solvent  in  place  of 
water  caused  no  change  in  the  relaxation  frequency  from  its  value 


in  water  solutions  at  either  25°  or  35°C.  The  measured  value  of 
(ti\)r  increased  by  about  Thus,  the  rupture  of  hydrogen 

bonds  with  solvent  molecules  does  not  appear  to  be  the  rate  step 


controlling  the  relaxation  frequency. 

The  effect  of  dielectric  constant  on  the  primary  relaxation 

68 

process  has  been  studied  by  Smithson  and  Litovitz  and  by  Verma 
69 

and  Kor  .  Smithson  and  Litovitz  found  that  the  primary  relaxa¬ 
tion  frequency  decreased  as  the  dielectric  constant  was  decreased. 
The  dielectric  constant  was  varied  by  using  methanol-water 
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mixtures.  At  25°C,  for  example,  the  relaxation  frequency  varied 
from  3*32  mc/s  at  D  =  7 8.5  to  2.84  mc/s  at  D  =  64.6  for  a  0.1  M 
solution.  Similar  effects  were  reported  at  other  temperatures 
from  5°  to  45°C*  The  magnitude  of  the  excess  absorption  per 
wavelength  increased  by  35$  with  the  addition  of  15$  methanol 
to  the  solvent. 

The  effect  of  decreasing  the  dielectric  constant  was  to 
increase  the  secondary  ( 31  mc/s)  relaxation  frequency.  For  a 
0.1  M  solution  at  25° >  this  frequency  increased  from  31*1  mc/s 
with  D  =  78.5  to  39*4  mc/s  with  D  =  64.6.  Here,  too,  the  mag¬ 
nitude  of  the  excess  absorption  increased  greatly  with  decreasing 

dielectric  constant. 

6b 

Verma  and  Kor  reported  exactly  the  opposite  effect  of 
decreasing  dielectric  constant  on  the  primary  relaxation  fre¬ 
quency.  According  to  their  data  over  the  frequency  range  1-6 
mc/s,  the  relaxation  frequency  continuously  increased  from  3*1 
mc/s  at  D  =  78.5  to  4*0  mc/s  at  D  -  48  for  a  0.02  M  solution  at 
25°C.  Similar  results  were  reported  for  the  effect  of  dielectric 
constant  on  the  relaxation  frequency  of  0.0025,  0.005,  and  0.01 
M  MnSO^.  The  differences  in  experimental  conditions  with  respect 
to  the  work  of  Smithson  and  Litovitz  were  that  Verma  and  Kor’s 
measurements  were  carried  out  in  more  dilute  solutions  (0.0025 
to  0.02  M)  and  that  the  latter  workers  varied  the  dielectric 
constant  by  using  water-dioxane  mixtures  rather  than  methanol- 
water.  It  is  difficult  to  explain  the  opposite  results  on  the 
basis  of  different  solvents  alone.  On  the  other  hand,  there  is 
no  obvious  reason  why  solutions  of  concentration  0.02  M  and 
below  should  be  affected  by  the  dielectric  constant  in  a  manner 
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opposite  to  0.10  M  MnSO^.  Kore  recently,  Kor  and  Verma  pave 
made  measurements  in  0.5  M  MnSO^  at  25°C  in  solutions  of  dielec¬ 
tric  constant  78.5,  56.5  and  I48.O.  The  dielectric  constant  was 
varied  from  that  of  pure  water  by  using  25^  and  35“^  dioxane- 
water  mixtures.  In  these  solutions,  the  relaxation  frequency 
decreased  with  decreasing  dielectric  constant,  in  agreement  with 
the  results  of  Smithson  and-  Litovitz  in  0.1  M  MnSO^.  Table  7 
gives  the  relaxation  frequencies  for  solutions  of  different  con¬ 
centrations  and  dielectric  constants.  The  relaxation  frequencies 
given  for  0.5  M  MnSO^  have  been  deduced  from  the  wavelength  ab¬ 
sorption  curves  of  Kor  and  Verma. 

An  examination  of  the  relaxation  frequencies  in  water  solu¬ 
tions  at  different  concentrations  indicates  that  the  relaxation 
frequency  does  indeed  appear  to  increase  with  concentration  to 
about  0.02  M,  is  almost  independent  of  concentrations  to  0.1  M, 
and  then  increases  arain  with  increasing  concentration.  The 
increase  is  not  great,  however,  and  one  wonders  how  accurately 
the  relaxation  frequency  can  be  determined,  particularly  in  the 
solutions  below  0.02  M.  The  authors  of  this  technical  report 
are  of  the  opinion  that  the  optical  method  used  by  Kor  and  Verma 
is  no  more  accurate  than  the  pulse-echo  technique  for  measuring 
absorption.  Below  10  mc/s,  the  measured  sound  attenuation  must 
be  corrected  for  divergence  of  the  sound  beam.  The  divergence 
is  more  noticeable  the  lower  the  frequency  or  the  lower  the 
overall  measured  absorption.  It  is  possible,  therefore,  that 

"^S.  Kor  and  G.  Verma,  J.  Chem.  Phys.  35 »  1512  (I96I). 

^See  e_.£.  J.  Pinkerton,  Proc.  Pays.  See.  G62 ,  286  (I9I49). 


Table  J:  Effect  of  dielectric  constant  and  concentration  on 
the  primary  relaxation  process  in  MnSO^  at  2£°C 


concentration 
moles  liter  ^ 

dielectric 

con  stant 

relaxation 
frequency,  mc/s 

(0(X )  reference 

w  max 

x  10^ 

0.0025 

7S.  5 

2.5* 

1 

69 

56:5 

3.0 

- 

1(8.0 

3.2 

- 

0.01 

78.5 

2.9'*' 

3 

69 

56.5 

3.2 

- 

1(8.0 

3.7 

- 

0.02 

8.5 

3.2* 

6 

69 

56.5 

3.4 

- 

48.0 

4.0 

- 

0.05 

78.5 

3.28 

7.2 

68 

0.10 

78.5 

3.32 

15 

68 

71.4 

3.11 

-- 

64.6 

2.84 

— 

0.15 

78.5 

3.50 

20 

68 

0.20 

78. 

3.83 

27 

68 

0.50 

78. 

7 

44 

71 

56.5 

3.1 

46 

48.0 

1 

75 

The  trends  with 

decreasing 

dielectric 

constant  are  open 

to 

question  because  of  difficulties  associated  with  measuring 
relaxation  frequencies  in  such  dilute  solutions,  particularly 
below  5  me. 
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the  measured  absorption  is  somewhat  higher  than  the  true  value 
at  the  very  lowest  frequencies  (<  3  mc/s)  employed  by  Verma  and 
Kor .  This  effect  would  be  more  noticeable  in  the  solutions  of 
lowest  overall  absorption  (highest  dielectric  constant)  and 
would  result  in  an  apparent  shift  of  the  maximum  in  the  (°(A ) 
curves  to  a  slightly  lower  frequency.  A  crucial  test  of  the 
effect  of  the  dielectric  constant  on  relaxation  frequency  in 
dilute  solutions  of  MnSO^  would  be  to  repeat  the  measurements  at 
various  dielectric  constants  for  solutions  below  0.02  M  at  some 
higher  temperature  so  that  the  measured  relaxation  frequencies 
were  in  the  range  5“10  mc/s,  where  the  effects  of  beam  diver¬ 
gence  should  be  negligible. 

72  73 

Carstensen  and  Schmid  and  Pessel'^  have  measured  the  velo¬ 
city  dispersion  in  rather  concentrated  solutions  of  MnSO^  by  high 
precision  difference  techniques7^ These  methods  permit  the 
determination  of  the  difference  in  velocity  between  distilled 
water  and  the  salt  solution.  Although  the  velocity  of  sound  in 
distilled  water  cannot  be  agreed  upon  to  better  than  i  0.1$, 

Carstensen  estimates  that  velocity  differences  can  be  determined 
with  a  precision  of  5  parts  in  10^.  For  a  0.5  M  MnSO^solution, 
Carstensen  measured  a  difference  in  velocity  of  2.5  meters/s 
over  the  frequency  range  0.3  to  10  mc/s.  This  corresponds  to  a 
velocity  dispersion  of  33  x  10  ^  per  mole/liter.  This 

*^E.  Carstensen,  J.  Acoust.  Soc .  Am.  26_,  862  (195U). 

.  Schmid  and  H.  Pessel,  Naturwiss.  kk»  ^5?  (1957  ). 

"^E.  Carstensen,  J.  Acoust.  Soc.  Am.  26,  858  (195Li). 

Schmid  and  W.  Schmidt,  Nat urwi ss .^2,  123  (1958). 
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is  in  excellent  agreement  with  the  value  38  x  10  4  anticipated 
from  eq.  128  on  the  basis  of  the  magnitude  of  )  .  The 

values  of  the  dispersion  reported  by  Schmid  and  Pessel  are  in 
substantial  agreement  for  0.5  H  MnSO^  over  the  frequency  range 
0.35  to  16  mc/s. 

The  reported  data  for  velocity  dispersion  in  2-2  valent 

electrolytes  -  with  the  exception  of  the  questionable  value  of 

Taskoprulu^  for  MgSO^  -  are  collected  in  Table  8.  In  the  fifth 

column  are  the  experimentally  measured  values  of  the  velocity 

dispersion;  these  are  to  be  compared  with  the  total  dispersion 

Doo  calculated  from  eq.  128  from  the  known  value  of  (0(X)  . 

max 

In  all  cases,  the  measured  dispersion  is  divided  by  the  concen¬ 
tration  of  the  solution  to  give  the  disoersion  per  mole/liter. 
The  values  of  dispersion  for  different  temperatures  are  more 
comparable  than  would  be  expected,  since  the  magnitude  of  the 
maximum  absorption  per  wavelength  and  hence  the  total  dispersion 
does  not  change  appreciably  with  temperature^  >^0,72.  The  pj_na]_ 
column  in  Table  8  contains  the  literature  reference  for  the  ex¬ 
perimental  dispersion. 

In  addition  to  these  salts  which  already  have  been  dis¬ 
cussed  in  some  detail,  several  other  divalent  sulfates  have  been 
found  to  have  one  or  more  relaxation  processes.  A  variety  of 

acoustical  approaches  have  been  used  in  their  study.  Romanenko, 

7  A 

for  example,  used  finite  amplitude  sawtooth  waves.  '  A  measure¬ 
ment  of  the  relative  amounts  of  higher  harmonics  present  within 
the  solution  then  yields  Information  about  relaxation  processes, 

^E.  Romanenko,  Soviet  Physics  -  Acoustics  6,  375  (1961). 
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Table  8:  Velocity  dispersion  in  2-2  electrolytes 


salt  concentration  T 

moles/liter  °C 

f  x  10** 

r  c 

mc/s  experimental 

ner  M 

calc,  from 
eq.  128 

reference 

MgSO^  0.53 

25 

0.160 

13.6 

14. 3a 

66 

MnSO^  0.50 

9-5 

2.7 

33 

35b 

72 

12 

3-1 

36 

35b 

73 

18 

h-2 

31 

35b 

72 

25 

5.4 

34 

35b 

73 

35 

9 

— 

35b 

72 

CoSO^  0.50 

20 

0.435 

22C 

l8d 

73 

39 

1.2 

22C 

I8d 

73 

0.1;0 

35 

1.1 

18 

I8d 

72 

0.70 

35 

1.1 

13 

I7e 

72 

1.0 

35 

1.1 

14 

I4f 

72 

MgSgO  0.50 

38 

l.lc 

5.4C 

5.7s 

73 

a 

calculated  from 

IT 

-=r 

II 

X 

cd 

_ E 

* 

x  10~b  per 

„39 

b  it  it 

TT 

=  110 

x  10"^  per  M72 

C  7*3 

estimated  from  the  dispersion  data  of  Schmid  and  Pessel'J 


dcalculated 

from 

p(X) 

max 

=  55 

X 

10'11 

per 

M72 

e  n 

TT 

TT 

=  54 

X 

10_t| 

per 

M72 

f 

TT 

TT 

=  42 

X 

10"14 

per 

M72 

S  it 

TT 

TT 

=  18 

X 

10~^ 

per 

M39 
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if  present  but  abnormal  absorption  associated  with  finite  ampli¬ 
tude  waves  must  be  considered.  This  technique  has  been  success- 

77 

fully  applied  to  the  study  of  e_.g.  MnSO^  solutions.'  Romanenko 
reported  a  relaxation  frequency  of  3*3  roc/s  for  0.5  M  MnSO^  at 
21°C. 

In  addition  to  the  relaxation  processes  occurring  in  the 

divalent  sulfates,  Al»(S0i  )_  has  been  examined  and  found  to 

*  2  4  3 

exhibit  very  high  excess  absorption  per  wavelength  with  a  relax¬ 
ation  frequency  which  is  concentration  dependent. ^  At  a  con¬ 
centration  of  0.01  M,  the  relaxation  frequency  is  in  the  vici¬ 
nity  of  3°  mc/s,  while  at  0.5  M,  the  relaxation  frequency  has 
shifted  to  above  200  mc/s. 

A  summary  of  the  known  acoustic  relaxation  data  is  included 
In  Table  9  for  all  types  of  electrolytes.  The  second  column  con¬ 
tains  the  primary  and  secondary  relaxation  frequencies,  if  two 
are  found.  The  fourth  column  gives  the  mechanism  which  is 
thought  to  account  for  the  relaxation  process. 

Several  general  comments  may  be  made  about  the  relaxation 
phenomena  in  2-2  electrolytes.  They  are  all  characterized  by 
an  almost  linear  dependence  of  )  upon  concentration  up  to 

about  0.1  M.  The  relaxation  frequencies  themselves  cover  a 
wide  range,  but  for  a  given  cation  the  primary  relaxation  fre¬ 
quency  is  relatively  independent  of  the  nature  of  the  anion. 

Thus,  magnesium  sulfate,  thiosulfate,  and  chromate  have  relax¬ 
ation  frequencies  in  the  vicinity  of  1.5  x  10^  c/s.  Furthermore, 
the  relaxation  frequencies  are  almost  independent  of  concentration. 

^E.  Romanenko,  Soviet  Physics  -  Acoustics  ^6,  508  (I9bl). 


-  fS  - 

Table  9:  Helaxation  frequencies  in  aqueous  solutions  at  2 0°C. 


electrolyte 

relaxation 

frequencies 

concentration'55, 

moles/liter 

probable  references 

mechanism 

NH3‘H20 

3  x  107 

1.0 

hydrolysis 

43 

Na  acetate 

1  x  107 

0.1 

TT 

41,# 

K  acetate 

1  X  107 

0.1 

IT 

Ill,# 

Cu  acetate 

2  x  107 

0.3 

IT 

ia 

Zn  acetate 

2  x  107 

0.15 

Tf 

49,56 

La(N03)3 

<3  x  107 

0.15 

TT 

43 

Na,  PO, 

3  4 

5  x  106 

0.01 

TT 

39 

Be  SO, 

4 

10^ 

3  x  108 

r 

(.plus  hydrolysis 

39,87 

43 

NiSO, 

4 

10^ 

b 

39 

MgS°,4 

1.3  X  10^ 

2  x  108 

x  b 

a 

39,50 

43 

MgS203 

2  x  105 

it  b 

39 

MgCrO^ 

2  x  105 

2  x  108 

at  b 

it  a 

39 

43 

CuSO, 

4 

1.5  x  105 

>0.05 

it  it  b 

39 

CaCrO, 

4 

2  x  10^ 

it  b 

39 

CoSOj4 

4  x  10^ 

2  x  1C8 

it  b 

it  it  a 

39 

43 

MnSO^ 

KCN 

3  x  106 

3  x  107 

2  x  10R 

4.5  x  10 

0.01 

b 

-:s-  a 

39,68 

68 

43 

9.5  X  10^ 

0.05 

hydrolysi s 

## 

'See  also  M.  Kri  shnamurthi  and  M.  Suryanayama,  J.  Phys.  Soc. 
(Japan)  1^,,  348  (i960). 

##  Frequencies  are  for  25°C.  These  values  will  be  discussed 
in  a  future  technical  report  by  the  present  authors. 
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Table  9^  continued 


electrolyte  relaxation  concentration  probable  reference 

frequencies  moles/liter  mechanism 


Q 

ZnSC^  1  x  10°  #a,b  )|  3 

AlgfSO^)^  *’'-'10®  hydrolysis  43 


'No  strong  concentration  dependence  unless  concentration 
specified . 

*  *M»0H^0H2-S0.  Me-0H.;S0^^=^  Me-S0;  (see  text) 

(a)  (b) 


Where  energies  of  activation  have  been  determined  for  the  pri¬ 
mary  process,  they  all  (with  the  exception  of  the  value  obtained 
by  Verma^fZr  MnSC^)  fall  in  the  range  6  to  9  kcal/mole.  In 
addition,  a  secondary  relaxation  process  has  been  observed  in 
many  cases.  The  secondary  relaxation  frequency  seems  to  be 
Independent  of  the  nature  of  the  cation,  and  is  in  the  vicinity 
of  2  or  3  x  10^  c/s. 

3.  Mechanisms 
2-2  electrolytes. 

Any  postulated  mechanism  for  the  relaxation  in  2-2  electro¬ 
lytes  such  as  MgSOj  must  exnlain  the  following  facts  concerning 
the  primary  relaxation  process. 

1.  The  primary  relaxation  frequency  is  strongly  dependent 
on  the  nature  of  the  cation  and  appears  to  be  relatively  inde¬ 
pendent  of  the  anion. 

2.  The  primary  relaxation  frequency  is  almost  independent 
of  concentration  of  electrolyte. 
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3«  Neither  MgClp  nor  KpSO^  themselves  show  large  excess 
absorption,  but  a  mixture  of  the  two  is  strongly  absorbing. 

I4.  In  all  cases,  the  anion  associated  with  the  relaxa- 
tional  cationic  system  contains  oxygen. 

5.  The  magnitude  of  the  excess  absorption  decreases  with 
increasing  ionic  strength  while  the  relaxation  frequency  re¬ 
mains  constant. 

6.  The  effect  of  the  addition  of  salts  containing  an  ion 
common  to  the  relaxing  species  is  to  increase  the  magnitude  of 
the  absorption. 

7.  Increasing  the  pH  causes  a  decrease  in  the  magnitude  of 
the  absorption  while  increasing  slightly  the  relaxation  fre¬ 
quency. 


8.  The  use  of  DpO  as  solvent  increases  the  absorption,  the 
relaxation  frequency  remaining  constant. 

9.  With  decreasing  dielectric  constant  the  relaxation  fre¬ 
quency  decreases  somewhat,  while  the  magnitude  of  the  absorption 
greatly  increases. 

10.  With  increasing  pressure,  the  relaxation  frequency  in 
water  solutions  remains  constant  while  the  absorption  decreases. 

The  treatments  of  excess  sound  absorption  associated  with  a 

dissociation  process^  and  a  relaxing  ionic  atmosphere"^  have 

already  been  discussed  in  relation  to  excess  sound  absorption 

in  magnesium  sulfate  solutions.  In  an  attempt  to  distinguish 

between  the  unimolecular  and  dissociation  reactions,  Wilson  and 

00 

Leonard'  plotted  (0(A)mo  against  C  (1  -QL),  which  is  tho  con- 

nia  x  o 

centration  dependence  expected  for  a  unimolecular  reaction 
involving  ion-pairs,  and  aeainst  - for  the  dissociation 

2-(Z'X±)<A 


78 

79 


80 


L.  Liebermann,  Phys.  Rev.  J6.,  1920  ( I9I49 )  * 

L.  Hall,  J.  Acoust.  Soc.  Am.  2^_,  70lj  (1992);  M.  Eigen,  Disc. 
Faraday  Soc.  2Lj_,  29  (1997)* 

0.  Wilson  and  R.  Leonard,  Absorption  of  Ultrasonic  Waves  in 
Solutions  of  Magnesium  Sulfate /Tech.  Report  No.  IJ"J  ( OffTce  of 
Naval  Research  Contract  N6-onr-27907 ) ,  Dept,  of  Physics, 
University  of  California,  Los  Angeles,  Calif.,  June,  1991* 
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reaction.  The  conclusion  reached  by  these  authors  was  that  the 
experimental  data  fitted  the  concentration  dependence  for  the 
unimolecular  reaction,  but  gave  poor  agreement  with  that  for 
the  dissociation  reaction.  Furthermore,  the  fact  that  the 
relaxation  frequency  was  found  to  be  almost  concentration  inde¬ 
pendent  was  further  evidence  for  a  unimolecular  type  reaction. 

It  should,  however,  again  be  pointed  out  that  Wilson  and  Leonard 
obtained  the  concentration  dependence  for  the  dissociation 
reaction  by  introducing  the  activity  coefficients  into  the  equili¬ 
brium  constant  for  the  dissociation  process,  whereas  they  should 
have  been  used  in  the  rate  expressions  as  well  ( cf . eo.  90). 

When  this  is  done,  the  concentration  dependence  is  given  by 

^  O-.H=0  .  The  predicted  variation  of  (0(A)  fits  this  con- 

3^—0^  ma  z 

centration  dependence  equally  as  well  as  that  for  the  unimole¬ 
cular  reaction.  Therefore,  it  is  not  possible  on  the  basis  of 

the  concentration  dependence  of  (^A)  „  alone  to  determine  the 

max 

nature  of  the  mechanism  responsible  for  the  anomalous  sound 
absorption  in  magnesium  sulfate  solutions. 

A  theoretical  treatment  of  the  first  absorption  maximum 
(120  kc/s)  in  terms  of  a  one-step  dissociation  equilibrium  has 
been  given  by  Bies.  The  theoretical  treatment  given  earlier 
in  this  report  for  a  dissociation  reaction  (eq.  91 ), however, 
indicates  that  the  relaxation  frequency  should  increase  with 
the  product  in  tlie  ranFe  where  2Ci±Ck_1>  k1. 

01D.  Bies, 


J.  Chem.  Phys.  2^,  i|28  (I985) 
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Barthel0  and  Kurtze  and  Tamm0"5  have  pointed  out  that  the  acti¬ 
vity  coefficient  is  known  to  decrease  with  increasing  con¬ 

centration  in  2-2  valent  salts  and  this  may  compensate  for  the 
concentration  term,  yielding  an  almost  concentration-independent 
relaxation  time.  On  the  other  hand,  it  may  be  considered  highly 
fortuitous  that  the  effects  of  decreasing  activity  coefficients 
almost  exactly  balance  the  concentration  term  for  nearly  all  the 
divalent  sulfates.  In  any  event,  the  dissociation  theory  of 
Bies  cannot  explain  the  behavior  of  these  solutions  for  concen¬ 
trations  above  0.01  M. 

A  series  of  papers  by  Eigen  on  the  subject  of  the  mechanism 
for  the  anomalous  absorption^-^  finally  culminated  in  the  des¬ 
cription  of  a  mechanism  which,  more  than  any  other,  explains 

the  observed  behavior  of  the  relaxation  processes  in  2-2  valent 

'  Q7-0Q 

electrolytes.  '  This  mechanism  explains  the  relaxation 

phenomena  as  being  due  to  the  step-wise  loss  of  water  from  the 
hydration  layers  separating  cation  from  anion  in  hydrated  ion- 
pairs.  The  mechanism  is  shown  schematically  as 

Op 

^R.  Barthel,  J.  Acoust.  Soc.  Am.  2lj_,  313  (1952). 

Kurt  ze  and  K.  Tamm,  Acustica  33  (1953). 

Eigen,  G.  Kurtze,  and  K.  Tamm,  Z.  Elektrochem.  57>  103 

(1953). 

Eigen,  Disc.  Faraday  Soc.  2jj_,  25  (1957). 

^C.  Czerlinski,  H.  Diebler,  and  M.  Eigen,  Z.  physik.  Chem. 
Frankfurt  1%,  2b  6  (1959). 

Diebler  and  M.  Eigen,  ibid.  20 ,  299  (1959). 

Eigen,  Z.  Elektrochem.  61^,  115  (i960). 
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2+  2- 

Me  represents  a  divalent  cation  and  A  an  oxygen-containing 

divalent  anion  which,  is  bridged  to  the  cation  through  the  hydro¬ 
gen  bonds  of  ’water.  The  first  bridged  hydrated  species  II  is  in 
equilibrium  with  a  second  in  which  the  molecule  of  water  bonded 
to  the  anion  has  been  lost.  This  in  turn  is  in  equilibrium  with 
the  aquated  metal-anion  ion-pair  .  For  simplicity,  the  remaining 
water  molecules  within  the  coordination  sphere  of  the  metal 
cation  are  symbolized  by  aa. 

The  first  step  in  this  reaction  scheme  involves  the  relaxa- 

8  8  8  Q  q  q 

tion  of  the  ionic  atmosphere.  Theoretical  considerations  *  * 

have  shown  that  for  concentrations  above  about  0.1  M,  <-  10-9 
sec.  There  is  some  question,  however,  as  to  whether  this  can  be 
resolved  so  easily,  since  there  are  several  steps  between 
structures  I  and  II  of  reaction  (  .i  ) .  At  least  two  processes 
can  be  imagined.  First,  the  ions  must  approach  to  within  the 
approximate  boundaries  of  the  ionic  atmosphere  and  second,  there 
must  be  a  rearrangement  of  ions  within  the  atmosphere  to  give 
structure  II.  The  net  result  of  these  multiple  processes,  all 

of  which  are  primarily  diffusion-controlled,  is  a  continuous 

_q 

spectrum  of  relaxation  times  of  the  order  10  7  sec.  The  next 
step,  the  loss  of  the  water  of  hydration  bonded  to  the  anion, 

9°L.  Hall,  J.  Acoust.  Soc.  Am.  24,  7OI4  (1952). 
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takes  place  quickly  (  10”^  sec.)  and  is  approximately  the 

same  for  all  2-2  valent  oxygen-containing  electrolytes.  Eigen 
associates  this  step  with  the  high  frequency  (^200  mc/s)  maxi¬ 
mum  in  the  absorption  curves  of  many  of  these  electrolytes. 

The  third  step,  the  replacement  by  the  anion  of  the  second 
water  molecule  in  the  inner  coordination  sphere  of  the  cation, 
proceeds  more  slowly  with  a  velocity  which  is  specific  for  a 
given  cation.  This  is  considered  to  be  the  process  which  causes 
the  low-frequency  absorption  maximum  in  the  divalent  sulfates 
(e.g.  in  the  case  of  MgSO^  7/  =*  10-^  sec  ). 

This  last  mechanism  has  been  used  in  the  discussion  of  the 

ft  7 

relaxation  spectrum  of  BeSO^.  '  A  quantitative  interpretation 
is  rendered  difficult  by  the  fact  that  the  reaction  is  compli¬ 
cated  by  hydrolysis.  Nevertheless,  a  qualitative  discussion 
can  be  made  on  the  basis  of  the  known  relaxation  times.  For 

a  0.2  M  solution  a  value  of  7^  =  2  x  10~9  sec  indicated  by 

91 

sound  absorption  measurements.  The  low  frequency  rise  in 

Q  7  ^ 

absorption  ^  indicates  a  relaxation  frequency  of  lO-'  c/s;  this 

8 

relaxation  was  found  by  the  temperature  step-function  technique0 
to  have  a  relaxation  time  ^  =  8  x  10-^  sec.  No  experimental 

ft  7 

data  exist  for  73  j  Diebler  and  Eigen  '  estimate  from  theore¬ 
tical  considerations  that  T3  =  7  x  lO-^0  sec. 

It  may  be  worthwhile  to  make  some  general  comments  about 

8  8 

mechanism  (j).  According  to  Eigen  ,  the  rate  constants  k0 
and  k  ^  are,  for  a  given  valence  type,  not  dependent  on  the 


K.  Tamm,  G.  Kurt  ze,  and  R.  Kaiser,  Acustica  38O  (193)1) 
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individual  electrolyte.  This  is  also  true  of  the  rate  constants 

for  the  diffusion-controlled  process  I  ^±11.  The  conversion 

II  ^=±111  occurs  very  rapidly,  and  for  all  the  2-2  electrolytes 

studied  in  detail  to  date,  the  rate  constants  kp  and  k_p  are  of 
q  -1 

the  order  107  sec  .  At  least  for  the  divalent  oxygen-containing 
anions  under  consideration,  individual  differences  are  not 
expected  for  metal  ions  of  the  same  valence  type,  since  the 
metal  and  anion  are  still  separated  by  two  watar  layers. 

On  the  other  hand,  specific  influences  (such  as  the  radius 
of  the  cation,  degree  of  covalent  character  of  the  bond,  or 
crystal  field  stabilization)  are  expected  to  be  reflected  in 
the  rate  constants  k^  and  k  That  this  is  actually  the  case 

is  shown  in  Table  10,  in  which  are  tabulated  the  forward  and 
reverse  rate  constants  for  the  loss  of  hydration  water  from 
between  2-2  valent  ion-pairs.  The  rate  constants  differ  for 
the  various  cations  by  several  orders  of  magnitude.  The 
directly  measured  rate  constants  are  those  designated  by  k 
i_.e_.  the  rate  constant  for  the  insertion  of  a  water  molecule 
between  the  magnesium  and  sulfate  in  the  MgSO^  ion  pair. 

According  to  Table  10,  they  are  very  strongly  dependent  on  the 
nature  of  the  metal  ion,  and  virtually  independent  of  the  nature 
of  ligand  (S0^  ,  Sp0^~,  CrO^  ).  The  rather  close  correlation 
between  rate  constant  and  ionic  radius  is  particularly  note¬ 
worthy;  in  general,  the  rate  constants  increase  with  Increasing 
ionic  radius. 

The  reverse  rate  constants  k^  can  be  evaluated  from  the 

88 

equilibrium  constant  for  this  step.  According  to  Eigen  , 

the  equilibrium  constant  is  obtained  from  the  absolute  magnitude 
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no 

Table  10:  Rate  constants  for  2-2  electrolytes0 


j^e  O'* 

A1 

Jaq 

kl 

J^MeA 

+  HO 

.  aq 

"k-l 

Me 

A 

k. 

k  - 

r  + 

a/ 

1 

-11 

O 

a 

sec 

“  1 

sec 

A 

kcal  mole 

„  ++ 

Be 

SO,  = 

4 

1  X 

102 

1.3  x  103 

0.35 

Cu+  + 

so4= 

— 

10^ 

1  x  106 

0.72 

Ni++ 

SV 

1  X 

io[f 

1  x  105 

0.78 

883 

..  ++• 

l-ig 

s°4= 

1  X 

103 

8x10^ 

0.78 

6.5,S37.68 

tur 

Mg 

s2°3= 

1  X 

103 

1.5  x  lo6 

0.78 

TUT  ++ 

Mg 

CrV 

1  X 

10^ 

1.5  X  106 

0.78 

Co++ 

SOl4= 

2  x 

105 

2.5  x  106 

0.82 

683 

Mn++ 

so4= 

h  X 

106 

2  x  107 

0.91 

7.868,0.86 

Ca++ 

so, 

4 

107 

108 

0.99 

Apparent  activation  energy  deduced  from  the  variation  of  the 
relaxation  time  with  temperature. 


of  the  relaxational  absorption.  The  details  of  the  calculation 
of  the  equilibrium  constant  from  the  magnitude  of  the  absorption 
are  by  no  means  clear.  In  any  case,  an  independent  estimate 
of  the  volume  change  AV  appears  to  be  necessary.  It  will  be 
shown  in  a  mathematical  analysis  of  mechanism  (j)  that  the 
volume  change  is  essentially  the  same  as  that  for  the  ions 
combining  to  ’field  ion  pairs. 

It  may  be  of  interest  to  speculate  on  why  only  the  divalent 
sulfates,  thiosulfates,  and  chromates  have  exhibited  relaxation 
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processes  which  are  characterized  by  mechanism  ( j ) .  Certainly 
the  high  charge-density  of  these  salts  is  important  in  order 
to  form  reasonably  stable  hydrated  ion-pairs  in  sufficient 
amounts  to  be  detected  acoustically.  Salts  such  as  sodium 
sulfate  or  magnesium  chloride  would  be  expected  to  have  higher 
degrees  of  dissociation  and  decreased  stability  of  water-bridged 
ion  pairs  of  the  type  shown  in  reaction  j.  Both  of  these  effects 
would  tend  to  reduce  the  measured  absorption,  since  the  magnitude 
of  the  relaxational  absorption  is  proportional  to  both  and 
to  (1  -21  )C.  (See  eq.  2£).  An  decrease  in  7"  by  one  or  two 
orders  of  magnitude  or  slight  increases  in  the  degree  of  dis¬ 
sociation,  particularly  where  the  degree  of  dissociation 
approaches  unity,  would  decrease  the  magnitude  of  the  relaxa¬ 
tional  absorption  so  that  it  would  not  normally  be  detected, 
even  if  the  process  were  characterized  by  a  relatively  large 

AV°. 

The  role  of  oxygen  in  these  ion  pairs  may  be  to  stabilize 
the  formation  of  the  bridged  ion  pairs  through  hydrogen  bonding, 
but  it  does  not  necessarily  follow  that  the  anion  must  contain 
oxygen.  Aqueous  solutions  involving  the  very  electronegative 
fluoride  ion,  for  example,  may  form  ion  pairs  in  sufficient 
quantities  to  be  observed  acoustically. 

It  is  interesting  to  speculate  on  possible  mechanisms 
for  the  loss  of  the  last  water  from  between  the  M++  and  A 
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ions  on  the  basis  of  the  S^l  and  S^2  mechanisms.  If  one  con¬ 
siders  first  a  S^l  (i_.e.  dissociation)  process,  a  situation  may 
be  Imagined  wherein  the  water  molecules  within  the  primary 
hydration  layer  of  structure  III  of  reaction  j  are  in  constant 
rotation  about  the  M++  ion.  Periodically  during  this  rotation, 
one  of  the  primary  water  molecules  dissociates  from  the  aggregate 

(Ho0 )  M++(Ho0)=±  ( H„0  )  M++  +  Ho0 

d  n  d  ^  d  n  d 

This  may  be  assumed  to  occur  slowly  and  be  rate  determining. 

At  some  time  in  the  rotation  of  the  "hole"  left  by  the  lost 
water,  the  A  anion  takes  its  place  in  the  coordination  sphere 
of  the  metal.  By  this  means  the  coordination  number  of  the 
cation  is  restored  to  its  initial  value.  This  step  would  be 
expected  to  occur  rapidly. 

If  the  process  occurs  by  a  S^2  (displacement)  mechanism, 
one  can  imagine  a  situation  such  as  the  following.  The  water 
molecules  in  the  primary  hydration  sphere  of  the  M++  ion  again 
are  assumed  to  be  in  rotation.  At  some  instant,  the  anion 


The  notation  S„1  and  S^2  is  commonly  used  as  shorthand 
for  nucleophilic  substitution  by  dissociation  and  displacement 
mechanisms,  respectively.  A  S„1  mechanism  is  one  in  which 
the  first  step  is  a  slow  unimolecular  dissociation  +  X 

followed  by  a  rapid  coordination  of  M  with  a  second  reagent 
M  +  Y ->  M  -  Y.  As  an  intermediate  there  exists  the  metal  ion 
of  a  coordination  number  reduced  by  one. 

The  S„2  (displacement)  mechanism  involves  a  bimolecular 
rate  determining  step  in  which  one  nucleophilic  reagent  dis¬ 
places  another. 

Y  +  M  —  X  ;==^  Y .  M . X  Y  —  M  +  X 


The  coordination  number  of  the  metal  ion  increases  by  one 
in  the  transition  state. 
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penetrates  to  within  the  inner  coordination  sonere  of  the  raetal 
ion  and  weakens  the  metal  attraction  to  the  water  molecules. 

One  of  these  is  then  displaced  in  order  to  restore  the  initial- 
coordination  number  of  the  metal: 


Ho0  0H„  0Ho  0ii-  0Ho  0Ho 

C.  '  .  =  [T  A  *  ^  '  X2  —  »  2  •  c~ 

.  a  nnu  .  (•  •  • 

•  ++  ■  2  *  ••  ++  r  *  +  + 

Ho0*  :  •  M*  •  *0H„*  •  *0-S-0  — ±  Iio0<*  *M<*  *0-S-0=±  M«  •  •  0 

2  .  •  2  1  ^  2  •  ■  A  ... 


h2°. 


H20  oh2 


2  v  *.  •;+  9 

0<*  *M<*  *0-^-0^=±  M*  •  .O-S-O  +  Ho0 

’  \  0  0H?  :*‘oh  0 

0H2  0H?  2  0H2  ^ 


A  quantitative  interpretation  of  the  effects  of  dielectric 
constant,  common  ion,  pH,  pressure,  etc .  upon  mechanism  ( j )  is 
complicated  by  the  fact  that  eq.  58  and  68  describing  the  re- 
laxational  absorption  and  relaxation  time  for  a  simple  unimole- 
cular  process  are  no  longer  applicable  to  this  system  of  coupled 
consecutive  reactions.  It  was.  previously  shown  in  the  discus¬ 
sion  of  more  complex  reactions  by  matrix  analysis  that,  for  even 
the  relatively  simple  system 


the  relaxation  time  associated  with  the  conversion  A ^  is 

not  independent  of  the  kinetic  parameters  associated  with  the 

conversion  A  ^  A^.  The  expression  7"  =  k^  +  k  j  for  the 

second  process  is  valid  only  under  the  special  assumption 

k2»k  p  (eq.  105),  1 .  e .  A  is  of  nerlirible  concentration.  In 

q  a  -  / 

general  it  is  recognized’^  that  (  =  k  ^  is  ,m  sti  fi  ec  .  only 


^-2See,  for  example,  M.  Eigen,  Disc.  Faraday  Soc.  2h,  29  (1997) 

‘  -  -  '  "956;. 


and  R.  Davies  and  J.  Lamb,  Proc.  Phys.  Soc.  69 B,  293  (1956 
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in  a  very  few  special  cases,  and  that  ordinarily  one  must  take 
into  account  the  previous  steps  in  deriving  specific  equations 
for  the  relaxation  time  and  excess  absorption  associated  with  a 
particular  step. 

A  simplified  mechanism  for  the  processes  of  interest  in 
solutions  of  the  divalent  sulfates  may  be  represented  as 


M++A 


k^  kg  k^ 

M++  +  A=^r^  M++(H_0)_A=  M++  ( H_0  )A=  M++A=  (l) 

k_ ,  k  _  d  k  , 

CM  ,  °A  _C2  C1  CMA 

in  which  M  and  A  represent  the  metal  cation  and  onion; 

M++(H20)A~,  and  M’+A  are  the  hydrated  ion  pairs, 

the  cation  and  anion  of  which  are  separated  by  two,  one  and  no 


water  molecules,  respectively. 

Eigen®'’  has  theoretically  treated  this  system  in  terms  of 
normal  reaction  coordinates^  as  outlined  earlier  (pp.  26-30)-  An 
alternate  approach  is  used  here,  which  is  an  extension  of  the 
method  used  in  connection  with  the  discussion  of 
the  unlmolecular  and  dissociation  mechanisms  (pp.  15-25)-  For 
convenience,  let  the  concentrations  of  the  various  species  in 
reaction  (l)  be  represented  by  the  symbols  C^,  C^,  Zg,  C^,  and 
^MA  re spectively . 

Equilibrium  constants  can  be  defined  for  each  of  the  steps 


in  the  reaction: 


K  _  MA 

K1  "  ^7" 


(129) 


^S.  Benson,  The  Foundation  of  Chemical  Kinetics,  McGraw- 
Hill  Book  Co.,  Inc.,  New  York,  1966,  pp.  39-I42. 


81 


(130) 


K, 


CMCA 


Vf 


.  ii 

k-3 


(131) 


where  all  activity  coefficients  have  been  assumed  to  be  unity 

oq 

except  that  for  the  separate  ions.  ^  One  can  write  the  usual 
kinetic  expression  for  the  final  step 


dC 


MA 


dt 


=  C 


MA 


klCl 


k-lCMA 


(132) 


The  other  reactions  will  be  assumed  to  be  fast  relative  to  the 
last  step.  As  in  the  treatment  for  the  simple  unimolecular 
and  dissociation  reactions  discussed  in  an  earlier  section  of 
this  report,  the  rate  constants  and  concentrations  are  assumed 
to  undergo  periodic  variations  from  their  equilibrium  values 


k  =  k°  +  (cfk  )elcJt  (133) 

C  .  =  C  °  +  (  6z  .  )eiCt>t  (134) 

J  J  J 

If  one  substitutes  these  into  eq.  132,  expands,  and  neglects 
second  order  perturbation  terms,  there  results 


qq 

It  cannot  be  emphasized  to  strongly  that  the  activity  coei- 
ficient  $ t.  used  In  this  report  is  the  "true"  activity  coef¬ 
ficient,  which  takes  into  account  incomolete  dissociation  of 
the  electrolyte.  In  practical  work,  the  activity  coefficient 
most  frequently  encountered  is  the  stoichiometric  mean  molal 
activity  coefficient  y±  ,  which  does  not  take  into  account  the 
degree  of  dissociation  of  the  electrolyte.  The  equilibrium  con¬ 
stant  for  a  dissociation  reaction  is  then 

K  ~  /  -  &  I 

The  degree  of  dissociation  o<  can  be  calculated  from  this 
equation,  and  then  trie  true  activity  coefficient  by 
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^cfCM/(,=  +  C'fh,  -  Cma(5'4,i(135) 

The  magnitudes  of  the  various  concentration  perturbations  are 
related  through  the  material  balance  equation 

“(f^i  -  +  6*c ,  4-  ,  (136) 


The  quantities  {fc2  and  <5c^  may  be  expressed  in  terms  of  cfci 
by  differentiating  the  equilibrium  constants;  one  then  obtains 


C2 

YT20kz 


(137) 


.  i  r^i 


^K23_ 


(138) 


where  is  used  to  represent  the  product  K^K^.  Substitution 

of  these  into  eq.  136  yields 


r.  -$cma  ♦  a/k2  +  a/k2. 

°°1  F  ‘ 


(139) 


where 


Ai  =  1  +  f;  + 


"23  yp  gm 


CM 


Eq.  139  may  now  be  substituted  into  eq.  135: 


(1U0) 


(141) 


<59m  = 


(142) 
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which  has  been  simplified  by 


k-,<TK,  = 


b.,  ffr,  +  h,  $k-± 


(llt3) 


The  relaxation  time  may  be  evaluated  in  the  usual  manner 


from  the  equation 


^MA  “  kl^Cl  ”  k-l^CMA 


where 


so  that 


^MA  '  *  (  ^  +  k-l>  f CMA 


Comparison  with  eq.  l\2  shows  that 


(1UU) 


(1U5) 


+  k 


dU6) 


If  this  and  the  relation 

dKi  ~  <5"  Ki 

IF" 


AV.° 

*  {~ur]  Ki 


(1U7) 


for  the  differential  equilibrium  constants  are  substituted  into 
eq.  Ilj2,  the  result  is 

!  +  k  AV2 +  av23  )r'(rT-TCPf)<1!*6) 


where  A V®3  =  AV°  +  AV° 


This  can  now  be 
through  eq.  11, 

«*>>r 

V  k  XKX 

=  1*7*- 


where  the  ratio 


related  to  the  relaxational  compressibility 
23,  and  64,  so  that 


TT  ft,  6 or 

V  P0 


(11(9) 


C1  Avi 


C2 

*1 


AV° 


AV°  " 

AV23 


r 


c£  r 

1  +  pj  2  T  2 


(150) 


of  specific  heats 


y 


has  been  assumed  to  be 


unity.  This  may  be  simplified  through  some  assumptions  con¬ 
cerning  the  relative  sizes  of  the  terms.  One  may  make 


assumptions  concerning  the  relative  values  of  the  equilibrium 
constants  and  K^.  The  fact  that  the  relaxation  time 
(eq.  146)  is  found  experimentally  to  vary  with  concentration 
is  an  indication  that  the  l/Kg  term  in  (eq.  1^0)  is  neg¬ 
ligible,  i.j9.  Kp^>l.  A  decision  as  to  the  magnitude  of  is 
contingent  upon  deciding  whether  most  of  the  ion  pairs  are  in 
the  form  MfH^OM  or  MA.  This  depends  on  the  relative  magnitudes 
of  the  ion-ion  and  ion-solvent  interactions.  Unfortunately, 
this  decision  is  not  easily  made  on  a  theoretical  basis  alone. 

In  the  remainder  of  this  derivation,  it  will  be  assumed  first 
that  K^^>1,  and  then  the  resultant  expression  for  the  relaxa- 
tional  absorption  per  wavelength  will  be  rederived  with  K-^<^1. 
From  the  values  of  and  k_^  in  Table  10,  it  is  evident  that 
Eigen®®  has  assumed  the  latter  case. 

For  the  present,  it  is  assumed  that 

Ki2 >Ki> 1  and  Avi>t nr  AV?  (ia) 


If  one  considers  dilute  solutions,  the  approximation  may  be  made 
that 


A. 


2*Co  7t  K23 


(152) 


where  0{  is  the  time-average  degree  of  dissociation  defined  by 


o( 


(133 ) 


Under  these  conditions. 


en,  1^0  becomes 


R6  - 


(o(X)r  = 


rr«.A ci*v;2,  _ 

- a-  m c  ■  vu-" 


cor 


lma  /  <*>  7~ 


(151+) 


where 


AV123 


=  av?  +  av: 


(155) 


The  concentration  may  now  be  related  to  the  total  salt  con¬ 


centration  C  as  follows: 
o 


C  =  C  +  C0  +  Ch  +  C„. 
o  M  2  1  ”A 


(156) 


(A  c  +  U1  +  C,  +  K.C. 
-  °  jq  1  11 


(157) 


which  rearranges  to 


d'  1 


(1  -CX  )  C 


(158) 


1’ he  substitution  of  this  iito  en.  15)i  yields 


(^)r  = 


TT  (1  -0(  )  c 


O  /  xr  o 


Ah23  r  k-i  dnMA 


(169  ) 


Consider  now  the  product  7"  k  Combination  of  eq.  11+6  and  1R2 


yields 


1  +  &L  coyi  K!23 


(160) 


where 


K123  ~  KiK2K3 


(161) 


°!  co^t  Ki23  =  an? 


-  i 


+2  o 


and 


(162) 
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Therefore,  eo.  160  becomes 


r*.!  - 


c x 


2  -  O 


(163  ) 


and  eq.  159 


(dX\ 


o or 


V  .  «Co(I  >  AVO  _ _ 

J£W  2-0/  A  123  ^yi  /f  w1rl 


(164) 


where 


AvJ23 


A y{  *  AV|  +  Av3  =  vm  -  (VM  +  VA)  (165) 


The  quantity 


av 


remains  to  be  evaluated. 


One  can  write  for  the  volume  of  the  reacting  species 
V  =  ^MA^MA  +  ^MnM  +  V^A  +  Vl  +  ^2^2 


(166) 


Differentiation  with  respect  to  yields 

av  _\7  |  p  i  a  avuA  n  a*,. 

^  +  vM  d1w  t  vA  —  +  ^ 


c)>L 


MA 


(167) 


The  material  balance  for  the  change  in  number  of  moles  of 
reactants  and  products  is 


or 


a 

dn* 


+ 


<^?l 


+ 


VIA 


dn 


(168) 


MA 


,  drh  , 


;(' 


=  -1 


(169) 


The  changes  in  number  of  moles  are  governed  by  the  following 
restrictions 


^2 

jr- —  =  constant  =  K  C 

nM  2 


(170) 
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Vi! 

7T-—  =  constant 

M 


K23°k^ 


(171) 


Prom  these,  it  follows  that 

^  Tli 


^  =  VmV± 


(172) 


dn2 

0>Lm  3  M  ~ 


(173) 


Substitution  of  eq.  I72  and  I73  into  169  yields 


_  - 


JTima 


1  +  K3CM  *±  (K2  +  1} 


If  eq.  I67  is  written  in  the  form 


C)  V 
^MA 


=  VMA  +  (V  +  V.  +-  v  +  v 

^  ^Uma  v  M  4  1  c)mM 


+  v  +  V 

A  1  a>n* 


(17U) 


(175) 


and  the  appropriate  differentials  substituted  from  en.  172,  173, 
and  17U,  there  results 

I - 2—: -  k  +  V.  +  V  K  C  +  7_K_CM*V* 

'^MA  ^  1  +  K  CHl  ( Kp+1  )  |_M  A  1  23  M  -  2  3  H 


3  M  -  '  2 


(176) 


If  one  neglects  the  terms  involving  ,  this  becomes 

^  V  ^  /TT  TT  \  A  mm 


ma 


+  7/^  ^V123 


(177) 


Substitution  of  eq.  177  ^nto  eq.  I6I4  then  results  in 
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7T  &  C  (1  )  p  /jr 

yw  2  -  o<  A  i23; '  1  2 


(178) 


This  equation  is  identical  to  eq.  87  derived  for  the  relaxational 
absorption  for  a  simple  dissociation  reaction.  That  is,  when  the 
rate-determining  step  ( unimolecular )  is  coupled  to  a  series  of 
faster  prior  steps,  the  theoretical  treatment  approximates  to 
a  situation  in  which  the  intermediate  steps  can  be  neglected* 

The  relaxation  time,  however,  is  not  independent  of  the  equili¬ 
brium  parameters  of  the  intermediate  steps. 

The  relaxation  time  may  be  approximated  as 

,  .3. 

'f"1  =  +  20(  Cq  X±  K23kx  (179) 

As  the  concentration  of  electrolyte  approaches  zero,  the 
relaxation  time  is  given  by 


r 


-1 


(180) 


As  the  concentration  is  increased,  the 
according  to 

T  "1  =  k_!  +  2*0^*  K23k1  = 


relaxation  time  decreases 
k  .  (2  -0(  ) 

-  (181) 

o< 


A  limiting  value  for  the  relaxation  time  is  reached  at  concen¬ 
trations  above  which  the  degree  of  dissociation  o<  is 
approximately  constant. 

The  expression  for  the  relaxational  absorption  per  wave¬ 
length  will  now  be  rederived  with  the  assumption 


k2>i>k1 

The  concentration  C.,  (eq.  1£8)  then  becomes 

X 


(182) 
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C,  =  (1  -  or  )  c 

1  O 


(183) 


i_.  e_.  most  of  the  ion-pairs  are  in  the  form  Ml^OjA.  Substitution 
of  eq.  183  into  eq.  yields 


-  77k  , K  (1  -Of  )C  \\J  ,  ,r 

(«  A)  =  - — - - -  Avi?o  •  (18U) 

r  (30  RT  123  397^  i+co2r2 

the  remainder  of  the  derivation  (eqs.  I6O-I77)  remains  unchanged, 
so  that 

.  7T  k  O  c  (1  -  ql  )  ?  usr 

((*^r  =  2-0<.  (  Avi23)  1  +UJ2T 


2^? 


(185) 


This  expression  is  the  same  as  eq,  I78  with  the  exception  of  the 
presence  of  in  the  numerator.  Thus,  if  182  correctly  repre¬ 
sents  the  relative  magnitudes  of  the  equilibrium  constants,  a 
knowledge  of  the  volume  change  A  ^23  associated  with  the 
dissociation  process  allows  to  be  calculated  from  the  mag¬ 
nitude  of  the  relaxation  absorption.  The  relaxation  time 
(eqs.  179-181)  remains  unchanged. 

On  the  basis  of  these  equations  describing  the  excess 
absorption  and  relaxation  time  associated  with  the  removal  of 
the  last  water  of  hydration  from  between  the  cation  and  anion 
in  the  hydrated  ion  pairs,  it  is  now  possible  to  discuss  the 
effect  of  concentration,  ionic  strength,  etc .  on  mechanism  (j). 
Eq.  144  for  the  relaxation  time  for  the  last  step  in  this 
mechanism  Indicates  that  the  relaxation  frequency  should  in¬ 
crease  slightly  with  increasing  concentration  of  active 
electrolyte.  The  effect  is  not  expected  to  be  great  because  k 
20(  C0  ^23^1'  and  ^or  very  dilute  solutions,  the  relaxation 
frequency  should  be  practically  independent  of  concentration. 
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This  Is  In  accordance  with  the  experimental  results  of  Leonard 


and  Wilson 


57,80 


and  Kurtze  and  Tamm®^  for  the  independence  of 


the  relaxation  frequency  upon  concentration  in  dilute  solutions, 
and  is  further  supported  by  the  findings  of  Fisher^  for  MgSO^ 
and  of  Smithson  and  Litovitz^  for  MnSO^  that  the  relaxation 
frequency  increases  only  slightly  with  concentration. 

The  effect  of  increasing  the  ionic  strength  by  adding  a 
salt  such  as  sodium  or  potassium  chloride  is  to  decrease  sig¬ 
nificantly  the  mean  activity  coefficient  .  This  in  turn 
causes  an  increase  in  the  degree  of  dissociation  0[_  ,  so  that 

C  (1  -  Of  )  and  hence  ^decrease.  The  results  of  experiments 

by  the  present  authors  on  the  effect  of  a  large  excess  of  potas¬ 
sium  chloride  on  the  relaxation  process  in  magnesium  sulfate 


will  be  discussed  in  a  future  technical  report. 

This  mechanism  will  also  explain  the  effect  of  adding  salts 
with  ions  common  to  the  relaxing  species,  for  example,  the  addi¬ 
tion  of  MgCl^  or  K^SO^  to  MgSO^  solutions.  Eqs.  178  and  l8£ 
are  based  on  the  assumption  that  =  C^.  A  careful  examination 
of  the  derivation  of  this  equation  indicates  that  anything  which 
increases  the  ion-pair  concentration  will  also  increase  the 


excess  absorption.  Chemically,  the  equilibrium  is  shifted 

in  the  direction  of  forming  more  ion-pairs.  As  a  result,  the 

quantity  (1  -Of  )  and  hence  the  relaxational  absorption  increase. 

The  effect  of  common  ions  upon  the  relaxation  frequency  is 

expected  to  be  very  slight,  since  20f  k  A 

slight  decrease  is  anticipated,  since  both  &  and  decrease. 

68 

The  experiments  of  Smithson  and  Litovitz  with  respect  to 


the  substitution  of  D^O  for  water  as  solvent  are  quite  informative. 
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The  fact  that  the  3  mc/s  relaxation  frequency  in  MnSOj  does  not 
change  under  this  condition  is  evidence  that  the  rupture  of  a 
hydrogen  bond  is  not  the  step  associated  with  k  This  is 
consistent  with  mechanism  j.  The  fact  that  the  excess  absorp¬ 
tion  is  about  greater  in  D^O  solutions  than  in  water  solu¬ 

tions  cannot  be  explained  on  the  basis  of  the  difference  in 

dielectric  constants,  since  these  differ  by  less  than  1%. 

Aft 

Smithson  and  Litovitz  are  of  the  opinion0  that,  since  many 

96 

salts  are  slightly  less  soluble  in  D^O  than  in  water,  the 
degree  of  dissociation  might  be  less.  An  increase  in  the  ion 
pair  concentration  brought  about  by  a  small  decrease  in  the 
degree  of  dissociation  could  account  for  the  increased  absorption. 
The  30  mc/s  relaxation  process,  which  is  not  observed  when  D^O 
is  the  solvent,  possibly  does  involve  the  breaking  of  an  0-H 
bond . 

The  effects  of  high  static  pressure^  on  this  mechanism 
can  be  explained  on  the  basis  of  the  change  in  the  pressure- 
sensitive  variables  :  4  ,  the  mean  ionic  activity  coefficient; 

0%  ,  the  degree  of  dissociation;  and  /\V .  the  volume  change 

for  the  reaction.  It  should  be  pointed  out  that  the  quantity 
(  AV°)  in  eqs.  178  and  185  actually  consists  of  the  product 
of  the  volume  change  AV°  obtained  from  the  variation  of  the 
equilibrium  constant  with  pressure  (eq.  147)  times  a  volume 
change  /\V  which  is  deduced  from  the  variation  of  the  volume 
with  the  number  of  moles  of  ion  pairs  n^  (eq.  I67).  The  first 
of  these  is  referred  to  a  standard  state  of  one  atmosphere  and 
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is  pressure  independent.  The  second  AV  is  both  concentration 
and  pressure  dependent  (cf.  eq.  1?6).  Eq.  178  shows  that  a 
decrease  with  pressure  of  AV  and/or  an  increase  of  QL  will 
reduce  the  magnitude  of  the  absorption.  Negligible  effect  is 
expected  upon  the  relaxation  frequency,  since  the  pressure  de¬ 
pendence  of  the  rate  constants  k^  and  k  ^  is  small.  Furthermore, 
the  term  in  the  relaxation  frequency  containing  the  degree  of 
dissociation  and  the  activity  coefficient  is  much  smaller  than 
the  directly  measured  k 

Experiments  which  involve  varying  the  solvent  and  hence 
the  dielectric  constant  are  open  to  some  criticism  since  the 
proposed  mechanism  involves  the  solvent  itself  in  the  rate¬ 
determining  step.  It  may  be,  for  example,  that  the  cation 
preferentially  coordinates  with  the  water,  and  that  the  reaction 
mechanism  is  relatively  insensitive  to  the  bulk  solvent  as  long 
as  some  water  is  present.  The  results  of  such  experiments  may 
then  lead  to  ambiguous  interpretation  if  one  attempts  a  corre¬ 
lation  such  as  that  afforded  by  Table  4  for  reactions  in 

/  o 

solution.  As  Smithson  and  Litovitz  point  out D  ,  the  theoretically 
deduced  dependence  of  a  rate  of  reaction  between  two  dipoles 
upon  the  dielectric  constant  does  not  necessarily  apply  to  a 
reaction  involving  ion  pairs.  It  is  probable,  however,  that 
the  increased  absorption  often  observed  in  solutions  of  lower 
dielectric  constant  Is  associated  with  a  higher  degree  of  ion 
association,  _i.e.  an  Increase  in  the  number  of  ion  pairs. 

The  influence  of  pH  on  these  relaxation  processes  is  not 
so  simply  explained.  In  the  derivation  of  eqs.  178  and  185, 
no  competing  reactions  were  considered.  It  is  entirely  possible. 
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however,  that  various  side  reactions  may  influence  the  relax¬ 
ation  process J  for  example: 


M2*  * 

a2*  — 

m2+(h2o)2a2" 

(H20)A2'^±  m2+a2” 

(m) 

11. 

11 

♦ 

/ 

MOH 

HA 

MOH  + 

HA 

pH  sen 

siti ve 

independent 

of  pH 

It  may  be  argued  that  Increasing  hvdrogen  ion  concentration  con¬ 
verts  most  S0^~  in  magnesium  sulfate  solutions  to  the  form 
HSO^-.  This  would  result  in  a  decrease  in  the  absorption  due  to 
the  smaller  number  of  ion  pairs  and  a  slight  decrease  in  the 
relaxation  frequency.  These  are  the  effects  experimentally 
observed.  Evidence  for  the  existence  of  competing  equilibria 
such  as  those  indicated  by  reaction  mis  afforded  by  the  ob¬ 
served  hydrolysis  of  many  of  these  systems.  Hydrolysis  would 
be  expected  in  some  cases  to  give  rise  to  further  relaxation 
processes  coupled  to  the  general  relaxation  scheme.  This,  in 
fact,  appears  to  be  the  true  situation.  It  has  already  been 
pointed  out,  for  example,  that  the  relaxation  mechanism  in 

O  n 

solutions  of  BeSO^  '  is  complicated  by  observed  relaxation 
effects  due  to  hydrolysis  processes. 

In  view  of  the  marked  success  of  mechanism  j  in  explaining 
the  observed  relaxation  effects  in  2-2  valent  electrolytes,  it 
Is  somewhat  surprising  that  several  workers  appear  not  to  have 
accepted  this  mechanism  or  even  to  have  commented  directly  on  It 
in  their  recent  publications.  For  example,  Kor  and  Verma^ 
continue  to  speculate  on  the  nature  of  the  reaction  in  poly- 
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valent  sulfate  solutions  but  give  no  consideration  to  mechanism 
J  proposed  by  Eigen.  Furthermore,  they  consider  only  simple 

98 

electrostatic  interactions.  Even  more  recently,  Suryanarayana 
has  tabulated  the  apparent  variation  with  concentration  of  the 
forward  and  reverse  rate  constants  in  solutions  of  magnesium 
and  manganese  sulfate  on  the  assumption  that  a  simple  disso¬ 
ciation  mechanism  were  responsible  for  the  relaxation  process. 
This  paper  gives  no  indication  of  familiarity  with  mechanisms 

proposed  by  Eigen. 

88  QQ 

Eigen  and  Pearson  have  emphasized  the  fact  that  crystal 

field  theory  should  afford  some  correlations  of  the  rate  of 

removal  of  the  last  water  in  mechanism  j  with  the  electronic 

structure  of  the  cation.  Certain  predictions  concerning  the  rate 

of  the  conversion  Ill^i  lV  in  mechanism  j  can  be  made  on  the 

basis  of  an  electrostatic  model.  These  predictions  are  shown 

in  Table  11  and  refer  to  the  relative  tendencies  toward  S^l  and 
99 

S^2  mechanisms  as  the  sizes  and  charges  of  the  various  species 
are  changed. 

By  either  mechanism  one  would  expect  a  decrease  in  the  rate 
of  reaction  as  the  charge  of  the  leaving  group  increases  or  the 
size  decreases.  This  is  in  rather  good  agreement  with  what  is 

Suryanarayana,  J.  Phys.  Chem.  66,  360  (I962). 

^R.  Pearson,  J.  Phys.  Chem.  63.,  321  (1959). 
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Table  11:  Effect  of  charges  and  sizes  on  rates  of  reaction 


Condition 

Effect 

on  Rate  Constant 

V 

V 

increased  positive 
charge  of  central 
atom 

decrease 

opposing  effects 

increased  size  of 
central  atom 

increase 

increase 

increased  size  of 
entering  group 

no  effect 

decrease 

increased  negative 
charge  of  entering 
group 

no  effect 

decrea  se 

increased  negative 
charge  of  leaving 
group 

decrease 

decrease 

increased  size  of 
leaving  group 

increase 

opposing  effects 

found  experimentally.  Furthermore,  as  the  size  of  the  central 

ion  diminishes  and  its  charge  increases,  it  may  be  expected  that 

the  rate  of  reaction  by  either  mechanism  would  decrease.  This 

is  indeed  found  to  be  the  case  in  general  with  respect  to 

inorganic  substitution  reactions  in  general."*-0^ 

An  electrostatic  theory  using  point  charges,  or  uniformly 

charged  spheres,  however,  cannot  be  taken  as  a  complete  explana- 

qq 

tion  for  the  behavior  of  complex  ions.77  The  well  known 
reactivity  of,  for  example,  iron  (III)  complexes  compared  to 


Basolo  and  R,  Pearson,  Mechanisms  of  Inorganic  Reactions. 
John  Wiley  and  Sons.,  Inc.,  New  York,  19^8,  Chapter  3. 
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the  inertness  of  those  of  cobalt  (III)  are  more  easily  explained 
on  the  basis  of  crystal  field  theory.  This  theory  is  also  appli¬ 
cable  in  explaining  the  differences  not  only  between  the  various 
transition  metal  ions,  but  also  between  the  transition  and  non- 
transition  ions  in  general. 

Furthermore,  the  mechanism  for  the  relaxation  process  in 
2-2  valent  sulfates,  i.e.  the  step-wise  removal  of  water  mole¬ 
cules  from  between  the  cation  and  anion  in  ion  pairs,  has  received 

88  q8 

support  from  considerations0  *'  based  on  crystal  field  theory. 

The  essence  of  this  theory  is  that  the  five  d  orbitals,  which 
are  equal  in  energy  in  the  faseous  metal  ion,  acquire  quite  dif¬ 
ferent  energies  in  the  presence  of  the  electrostatic  field  due 
to  ligands  (the  crystal  field).  The  electrons  of  a  central  atom 
with  an  incomplete  electronic  shell  are  not  spherically  distri¬ 
buted  about  the  central  atom.  Instead  the  electrons  will  pre¬ 
ferentially  occupy  the  orbitals  which  lie  furthest  away  from  the 
ligands.  This  will  lead  to  an  increased  stabilization  of  the 
complex  ion  beyond  that  which  a  simple  model  based  on  spherical 
charge  distribution  would  predict.  In  other  words,  by  preferen¬ 
tially  filling  the  low-energy  d  orbitals,  the  d  electrons  can 
stabilize  the  system  compared  to  random  filling  of  the  d  orbitals 
as  required  by  the  simple  electrostatic  theory.  The  gain  in 
bonding  energy  achieved  in  this  way  is  the  crystal  field  stabili¬ 
zation  energy  (CFSE).  Complexes  in  which  more  of  the  electrons 
are  in  the  lower  energy  d  orbitals  are  more  stable  than  complexes 
in  which  all  of  the  d  orbitals  are  equally  filled. 

One  of  the  advantages  of  the  crystal  field  theory  is  that 
many  properties  can  be  correlated  and  in  some  cases  quantitative 
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predictions  made.  The  CPSE  can  be  calculated  by  using  wave 
functions  and  perturbation  theory;  this  is  absolute  but  com¬ 
plicated.  Energy  differences  between  orbitals,  however,  can  be 
calculated  from  measurements  of  the  energy  splitting  obtained 
in  the  visible  absorption  spectra  of  complexes. 

The  quantity  10  Dq  is  defined  as  the  energy  separation  be¬ 
tween  the  lower  and  upper  levels.  Since  from  symmetry  consider¬ 
ations,  the  d  ,  d  ,  and  d  are  equal  in  energy,  as  are  the 
xy  xz  y  z  0,7 

d  2  2  an<^  ^  2  leV0ls>  an  assignment  can  be  made  of  -4  Dq  for 

x' ~~y 

the  energy  of  the  former  and  +6  Dq  for  the  latter  for  octahedral 

complexes.  These  numbers  follow  because  of  the  rule  that  the 

qq 

CFSE  must  be  zero  if  all  levels  are  equally  occupied.  7 


An  approximate  value  for  10  Dq  is  given  by 


10  Dq 


or 


10  Dq 


where  e  is  the  charge  on  the  electron,  q  or  /.<  is  the  charge 
or  dipole  moment  of  one  ligand,  r  is  the  distance  from  the  cen¬ 
ter  of  the  ion  to  the  center  of  the  ligand,  and  a^  is  the  average 
value  of  the  fourth  power  of  the  radius  of  the  d  electrons. 

Basolo  and  Pearson^^  have  pointed  out  that  it  should  be 


possible  to  estimate  the  contribution  to  the  total  activation 
energy  due  to  crystal  field  stabilization.  To  do  this,  one  must 


evaluate  the  total  electrostatic  energy  of  the  transition  state 
in  which  an  extra  ligand  has  been  added  in  the  case  of  a  dis¬ 
placement  ( S^2 )  mechanism,  or  one  ligand  is  partly  removed  in 
the  case  of  a  dissociation  (S^l)  mechanism.  Exact  calculation 
becomes  very  difficult  because  of  the  irregular  geometry  of  the 


99 


complexes  in  question.  Moreover,  calculation  of  the  crystal 
field  activation  energy  is  dependent  on  the  mechanism  and  there¬ 
fore  on  the  nature  of  the  transition  state.  Different  values 
will  be  obtained  for  calculations  based  on  a  strong  crystal 
field  as  compared  to  a  weak  field.  (For  a  discussion  of  this 
problem,  see  Chapter  3  in  Basolo  and  Pearson.  ) 

For  the  present  purpose,  values  of  the  crystal  field  sta¬ 
bilization  energy  calculated  for  a  ligand  in  the  presence  of  a 
weak  field  are  shown^^  in  Table  12.  The  rate  constants  for 
mechanism  j  are  shown  for  comparison.  There  appears  to  be  some 
correlation  between  the  rate  constants  and  the  CFSE.  The  cations 
characterized  by  slower  rate  constants  are  those  expected  to  be 
the  most  stable  according  to  crystal  field  theory.  The  position 
of  Cu++  in  this  table  is  the  most  obvious  anomaly.  It  is  pro¬ 
bable  that  crystal  field  stabilization  is  only  a  partial  explana¬ 
tion  of  the  observed  order  of  rate  constants. 

An  interesting  correlation  exists  between  the  rate  constants 
for  mechanism  j  and  calculated  heats  of  solvation  of  individual 
ions.  Enthalpies  of  solution  may  be  calculated  from  the  Born- 
Haber  cycle: 

Ahs  =  -  U  +  AH+  +  AH_  (136) 


where  /\H  is  the  heat  of  solvation  of  a  salt,  U  is  the  lattice 
s 

energy  of  the  solid  crystal,  and  AHf  and  AH  are  the  Indivi¬ 
dual  heats  of  solvation  for  cations  and  anions.  The  lattice 
energy  is  given  by 


U 

o 


salt )dT 


gas 


i  on  s ) dT 


U 


(187  ) 


100 


Table  12:  Relation  of  the  rate  constants  to  the  crystal  field 
stabilization  energy  and  enthalpy  of  hydration  of 
cations. 


Me  A 

kl 

-1 

CFSE100 

~  AHi 

sec  _1 

sec"1 

kcal  , 

(g  i on  )  ~ 

kcal  (g  ion  ) 
for  cation 

Be  SOj^ 

1  x  102 

1.3  x  103 

- 

CuSO^ 

10l[ 

1  x  106 

34 

536 

ZnSO^ 

- 

- 

928 

NiSO, 

4 

3  x  lO14 

1  x  10$ 

6  7 

516 

MgS0u 

1  x  10? 

8x10^ 

490 

MgS203 

1  x  10^ 

1.5  x  io6 

490 

MgCrO^ 

1  x  10^ 

1.5  x  io6 

490 

CoS0K 

2  x  10^ 

2.5  x  106 

45 

504 

FeSO^ 

- 

>4  x  106* 

22 

500 

MnSO^ 

CdSOj^ 

4  x  106 

2  x  107 

0 

479 

- 

2  x  108* 

0 

462 

CaSO, 

4 

'VLO7 

-v/  108 

410 

^The  se 

values  will  be 

discussed  in 

a  future  technical  report  by 

the  present  authors. 

Bernal  and  Fowler1^1  estimated  the  Individual  cationic 
enthalpies  of  solvation  by  the  following  procedure.  In  small 
ions,  the  energy  of  hydration  may  be  assumed  to  be  essentially 
coulombic  and  thus  inversely  proportional  to  the  ionic  radius. 
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If  the  ionic  radius  of  the  cation  is  about  the  same  as  that  for 
the  anion  (as  in  KF),  the  individual  heats  of  hydration  can  be 
obtained  by  dividing  the  measured  heat  of  hydration  of  the  salt 
by  two.  The  value  thus  obtained  (-95*5  kcal  g-ion~^  for  K  and 
F~ )  must  be  corrected  for  the  different  spatial  arrangement  of 
water  around  cations  and  anions.  This  arises  from  the  non-central 
location  of  the  dipole  in  a  water  molecule.  The  result  is  -97 
kcal  g-ion-^  for  the  enthalpy  of  solvation  of  F  .  On  this  basis, 
heats  of  hydration  of  cations  other  than  potassium  may  be  ob¬ 
tained  from  experimental  heats  of  hydration  of  salts  containing 

the  fluoride  ion.  Although  the  exact  procedure  used  by  Bernal 

102 

and  Fowler  is  open  to  some  criticism,  the  values  thus  obtained 
should  at  least  show  significant  relative  differences  for  dif¬ 
ferent  cations. 

Conway  and  Bockris^^  tabulate  the  results  of  various 
methods  of  calculating  individual  heats  of  solvation.  Some  of 
Bernal  and  Fowler's  results  are  reproduced  in  Table  12. 

Comparison  with  the  rate  constants  for  mechanism  j  shows  that 
there  is  a  very  strong  correlation  of  the  individual  ionic 
heats  of  solvation  with  the  rate  constants  k^  and  k  The 
latter  increase  with  more  positive  enthalpies  of  solvation. 

Protolytlc  reactions 

The  relaxation  processes  in  electrolytes  of  types  other 
than  2-2  valent,  particularly  1-1  electrolytes,  have  already 

102 

J.  O'M.  Bockris  (Ed.),  Modern  Aspects  of  Electrochemistry, 

Vol.  I,  Butterworths  Scientific  Publications,  London ,  1994 , 

p.  74* 
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^Bockris,  op.  clt .  ,  o.  92. 
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been  mentioned  as  being  primarily  associated  with  protolytic 
reactions.  We  are  here  concerned  with,  for  example,  the  dis¬ 
sociation  equilibrium  of  a  weak  acid  (HB)  in  water  solution 

HB  H+  +  B"  (n) 


where  B"  is  a  base  in  the  usual  sense,  e.g.  an  acid  anion  or  a 
basic  anhydride  such  as  NH^.  Weak  acids  can  also  be  involved  in 
reaction  with  hydroxyl  ions  according  to  the  scheme 

HB  +  OH"  B"  +  H20  (o) 


Analogous  considerations  also 
AOH: 


AOH 

and 


exi  st 


A+  + 


for  weak  bases  of  the  type 
OH"  (p) 


AOH  +  H+  A+  +  H20 


(q ) 


Rate  constants  for  many  of  the  reactions  corresponding  to 
eqs.  n  to  q  can  be  determined  by  the  various  relaxation  methods. 
These  include  the  Wien  Effect  II  (field  dissociation  effect), 
temperature  jump,  pressure  jump,  as  well  as  acoustic 
absorption. Several  rate  constants  as  determined  by  these 
techniques  are  collected  in  Table  13 .  The  first  column  contains 
the  reaction  under  consideration;  the  second,  the  specific  rate 
constants  for  the  indicated  ion  recombination;  the  third,  the 
specific  rate  constant  for  dissociation;  the  fourth,  the  method 
of  study;  and  finally,  the  pertinent  literature  references. 

The  relaxation  time  for  these  reactions  is  given  by 
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For  a  brief  discussion  of  these  methods,  see  pp.  33~40> 


103 


m 

C 

o 

•H 

-P 

O 

as 

® 

f-. 

o 

•H 

P 

rH 

O 

P 

O 

a 

tu 

o 

<M 

m 

-P 

C 

as 

-p 

OT 

C 

o 

O 

® 

P 

(S 


rx 


® 

rH 

X 

OS 

E-< 


ffi 

o 

C 

® 

u 

® 

*H 

V 

« 


o 


TD  X 


O 

n 

p 

® 

sc 


3 

p 

co 


o 

® 

OT 


O 


i 

o 

«  « 
Pi  ® 

rH 

I 


c 

o 

•n 

P 

O 

C0 

® 

M 


<X 


CM 


U\ 

O 


4* 

vO 

t^- 

CO 

+ 

O' 

o 

O 

O 

O 

* 

rH 

+ 

v£> 

o 

o 

O 

o 

rH 

iH 

rH 

rH 

rH 

O 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

r- 

o 


XX 

o 


c 

o 


+ 

+ 


c 

c 

rH 

o 

0 

P 

•H 

EH 

*H 

M 

cx 

P 

M 

P 

M 

a 

X 

o 

tn 

P 

P 

GO 

o 

C 

o 

O 

X 

to 

® 

w 

© 

00 

X 

i 

Vn 

X 

1 

c 

£ 

c 

i 

cd 

X 

w 

w 

c 

TJ 

X 

3 

C 

c 

c 

c 

O 

D 

® 

3 

© 

CO 

0 

•H 

O 

•H 

CO 

y: 

M 

* 

CM 

# 

1A 

IA 

vO 

1 

c^- 

C\J 

m 

1 

1T\ 

IX 

o 

o 

O 

o 

o 

o 

o 

o 

Q 

o 

O' 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

iH 

O 

H 

o 

X1 

X 

K 

K 

K 

K 

K 

K 

K 

H 

!< 

i 

<? 

CO 

xt 

CO 

r<> 

r- 

O' 

vO 

tr\ 

vO 

IX 

• 

• 

• 

• 

• 

• 

• 

CO 

xt 

XT 

vO 

rH 

00 

00 

-X 

o 


X 

o 

in 


*  * 


o 


SCI 


1—1 

H 

w 

rH 

rH 

CO 

-X 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

O' 

o 

o 

O 

o 

o 

O 

O 

O 

O 

O 

O 

O 

o 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

X 

K 

K 

K 

K 

K 

X 

K 

K 

X 

X 

K 

rH 

\n 

XA 

CM 

vX 

IX 

rH 

CM 

vD 

xf 

rH 

cr\ 

vO 

• 

• 

• 

• 

• 

• 

• 

xj- 

IX 

t*- 

rx 

rH 

CA 

w 

I  o 

Pt  o 
o  o 
co  w 
w 


w 

o 

o  o 

O  CM 

rA  ttj 
W 

O  CM 

O 

to 


o 

CM 

w 

’cm  to 

O  CM 

O  tU 


O 

CM 

« 


O 

CM 

w 


ex 

ex 

« 

o 


11 


o 

CM 

« 

ox 

« 

S3 


o 

CM 

« 


a 

o 


i  •:  1 1 11 II 1 1 II :  ,11 11 

1  *  i  O  •  •  ^  su  , 

9  U  w  rT  ,  O  'w 


o  U  CX  CX 
4  O  ex  O  O  I 
oowtootoi 
comowwwixt  c 


l+tiS  +W  +w 


f  + 

w  tn 


p 

o 

CIS 

® 

u 


c 

o 

•H 

p 

o 

C0 

® 


w 

o 


tU  . 

^  + 
CX 

CO  , 

W  +Pj- 

o  W 
—  a 


w 

o 


S3 

o 

a 


t. 

®  • 

<*H  — ■ 

®  O' 
TJ  O 
rH 
TS  - 
C  vO 
aS  O 


n 

® 

3 

rH 

aS 

> 

® 

co 

® 

X! 

P 

«M 

O 

c 

o 

•H 

CO 

co 

3 

O 

•H 

TS 


O 

<*H 

P 

X 

® 

P 

® 

® 

CO 

I  * 


co 

p  ts 
C  ® 
as  x! 
jjj  to 
<o 

C  H 
O  X 
O  3 

a 

® 

p  p 
as  ® 

ti  l>> 

®  p 
co  O 
®  C 
X 

P  Sx 
rH 
®  P 
C  C 
•H  ® 

E  S* 

S-,  al 
®  (X 
P  (X 
®  aS 
TS 

P 

O  ® 
P  (X 

aS 

TJ  O. 
® 

co  t. 

3  ® 

p 

W  as 

CIS  rH 
£ 

aS 

T3 

O  O 
X  P 
P 

®  Psi 
-P  £ 

cd 

-d  i — i 

3  cd 
-p 
(D  C 

P  (D 

cd  S 

O  *H 
•H  Ph 
T5  <D 

c  a 

•H  K 
0) 
O 

-P  0) 
X! 
iH  P 
•H 

as  4h 

<M  O 

n  c 
^  o 
O  *H 
X  p 
P  (X 
3  -H 
a)  ^ 
o 
®  w 
X  ® 
EH  *o 


m 

u 

o 

X 

p 

3 

as 

P 

C 

® 

to 

® 

SH 

(X 

® 

X 

p 

X 

p 

Sh 

o 

a 

® 

>H 

rH 

O 

•H 

c 

XJ 

o 

0) 

p 

<D 

D 

P 

D 

4-h 

cd 

c 


T3 

d) 

W 

w 

n 

o 

w 

•H 

T) 

a) 

X 


•H 

£ 

CO 

p 

C 

cd 

p 

w 

C 

o 

o 

<D 

p 

cd 

a> 

to 

© 

X! 

H 

4- 


-  101;  - 


T  kD  +  (C+  +  C_)kR  =  kD  +  2  0f  CkR  (188) 

(cf.  eq.  87).  In  most  cases,  k^  is  sufficiently  smaller  than 
20(CkR,  so  that  the  measured  relaxation  time  gives  kR  directly. 

The  constant  k^  is  then  calculated  from  the  known  value  of  the 
dissociation  equilibrium  constant. 

A  particularly  important  subject  is  the  determination  of  the 
specific  rate  constants  for  neutralization  reactions: 

H+  +  OH"  — H20  ( r ) 

In  order  to  eliminate  any  effects  of  the  anion  and  cation  asso¬ 
ciated  with  the  acid  and  base,  re  selectively ,  the  rate  constants 
for  this  reaction  have  been  determined  from  the  dissociation  of 
very  pure  water.  The  self-dissociation  of  water  is  not  detected 
acoustically  via  eq.  (87)  and  (89)  because  of  the  extremely  small 
degree  of  dissociation  .  This  reaction  has  been  studied  by 

the  dissociation  field  effect  by  Eigen  and  De  Maeyar.^^^ 

Eigen,  A.  physik.  Chem.  (Frankfurt)  1,  I76  (1954)* 

1 0G 

M.  Eigen,  J.  Johnson,  and  A.  Wittig,  quoted  in  M.  Eigen, 

Z.  Elektrochem.  61^,  315  (i960). 

^ “ 1 M.  Eigen  and  J.  Schoen,  Z.  Elektrochem.  ^2.,  4-83  (1955)* 

Eigen,  K.  Kustin,  and  G.  Maas,  Z.  physik.  Chem.  (Frankfurt) 
20,  130  (1961). 
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M.  Eigen,  K.  Kustin,  and  R.  Munson,  Z.  physik.  Chem. 
(Frankfurt),  (at  press,  1962). 

■^^M.  Eigen  and  K.  Kustin,  J.  Am.  Chem.  Soc.  82.,  59 52  (i960). 

^^M.  Eigen  and  L.  De  Maeyer,  Z.  Elektrochem.  <2.,  b86  (1955). 

IIP 

M.  Eigen  and  L.  De  Maeyer,  Proc.  Faraday  Soc.  A2U7 .  505  (1958). 

’M.  Eigen  and  L.  De  Maeyer  in  W.  Hamer  (ed.)  The  Structure  of 
of  Electrolytic  Solutions,  John  Wilev  and  Sons~i  Inc .  ,  77  777 

19^9:  -CKV 1  ?;  - 
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According  to  accepted  theory,  charge  transfer  associated  with 
hydrogen  ions  in  hydrogen-bonded  media  occurs  through  two 
mechanisms:  (l)  ordinary  ion  migration  and  (2)  charge  transfer 

through  a  chain  transfer . mechani sm.  For  water,  the  latter  is 
the  predominant  mechanism.  In  aqueous  solutions,  the  charge 
chain  transfer  process  involves  the  following:  (1)  the  formation 
or  rearrangement  of  a  hydrogen-bonded  structure  of  orientation 
favorable  for  a  proton  transfer;  and  (2)  the  charge  transfer 
within  the  hydrogen  bond#  Many  workers  consider  the  first  step 
to  be  rate-determining  in  water. 

The  relaxation  time  associated  with  the  reaction 
+ 

H  +  OH"  -:-_g H,0  ( s ) 

kD 

is  given  by 


r 


kD  +  kR(CH+  +  C0H_) 


(189) 


where  and  kR  are  the  specific  rate  constants  for  the  self¬ 
dissociation  of  water  and  the  recombination  of  ions,  respectively. 
In  this  case, 

+  C0H"  )kR  ^kD 

so  that  the  measured  relaxation  time  (35  x  10"^  sec  at  25°C ) 
gives  k^  directly.  The  constant  k^  is  then  calculated  from  the 
value  of  the  equilibrium  constant 

Kh  0  =  -a- — —  =  1.821  x  10  mole  liter  x 

CH20 

The  value  l.lj  x  10^  sec’^  is  obtained  for  the  rate  constant 

k^.  The  dissociation  is  characterized  by  a  much  smaller  constant: 
k^  =  2.5  x  10  5  sec  Nevertheless,  if  one  considers  a  situation 
in  which  no  H+  or  OH  ions  are  initially  present  in  the  55  moles 
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liter”  present  in  pure  water,  the  equilibrium  concentrations  of 


10  ^  moles  liter”^ 


H  and  OH”  are  attained  in  less 


than  10"4  sec.  The  apparent  activation  energies,  calculated 
from  the  Arrhenius  temperature  dependence  of  the  rate  constant, 
ar®  2  to  3  kcal  mole  ■*"  for  the  recombination  and  about  16  kcal 
mole”^  for  the  dissociation  process.  Further  interpretation  of 
these  data  is  given  in  the  literature . 

The  transfer  of  a  proton  from  a  water  molecule  to  a  base  B 
generally  occurs  much  more  rapidly  than  the  transfer  of  a  proton 
from  a  water  molecule  to  an  adjacent  one  as  is  involved  in  the 
self-dissociation  of  H^O.  For  example,  the  rate  constant  kD 
for  the  dissociation  of  NH^'H^O  is  5  x  10^  sec”'*',  i,.e^.  a  factor 
of  1010  more  rapid  than  that  for  the  dissociation  of  pure  water. 
This  factor  is  probably  associated  with  the  presence  of  the 
easily  accessible  unshared  electron-pair  on  NH^ ,  the  difference 
in  size  between  NH^  and  HgO,  and  the  difference  in  electro¬ 
negativity  of  oxygen  and  nitrogen. 

It  Is  Interesting  to  note  that  the  rate  constants  for  the 
recombination  of  oppositely-charged  ions  are  In  the  order  of 
magnitude  10'*'^- 10'*''*'  liter  mole  ■*"  sec  ■*".  Eigen  has  emphasized®® 
that  these  rate  constants  approach  the  maximum  values  for  dif¬ 
fusion-controlled  reactions.  From  equations  derived  by  Debye^** 

38  H2  *|  *i  o 

for  the  rates  of  ionic  processes,  Eigen0  ’  *  J  gives  the 


expression 


477NZa(D+  +  D_ ) 


(190) 


for  a  diffusion-controlled  ionic  recombination  reaction  where 


Z  = 


z+z_e 

e'akT' 


(191) 


*P.  Debye,  Trans.  Electrochem.  Soc.  82_,  269  (lhL|2). 
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N  is  Avogadro's  number,  D+  and  D  are  the  diffusion  coefficients 

of  the  cation  and  anion,  respectively,  e  is  the  electronic  charge, 

£  the  dielectric  constant,  and  a  is  the  effective  distance  to 

which  a  cation  and  an  anion  must  mutually  approach  for  combination 

to  occur.  In  dilute  solutions,  the  validity  of  eq.  190  is  limited 

only  by  the  fact  that  the  dielectric  constant  depends  on  the 

effective  reaction  distance  a,  and  that  steric  factors  may 

restrict  the  total  number  of  possible  approaches  for  successful 

encounters.  A  comparison  of  the  observed  rate  constant  for  the 

recombination  of  H+  and  0H~  with  that  given  by  eq.  190  shows 

that  a  reaction  occurs  spontaneously  whenever  the  ions  approach 

o 

to  within  about  7*5  A  of  each  other.  This  distance  corresponds 
to  2  or  3  hydrogen  bonds,  and  is  sufficiently  large  to  permit 
the  use  of  the  macroscopic  dielectric  constant.  Individual 
differences  in  the  specific  rates  of  other  diffusion-controlled 
reactions  can  probably  be  explained  by  the  difference  In  valence 
types,  In  the  diffusion  coefficients  of  the  partners,  and,  In 
certain  cases,  by  steric  factors. 

In  a  study  of  steric  effects  on  the  rate  of  Ionic  recom¬ 
bination,  Eigen  and  Kustin^^  carried  out  measurements  In 
solutions  of  HF,  and  nitrophenol.  The  relaxation  times 

were  measured  by  means  of  the  dissociation  field  effect  (Wien 


Effect  II),  and  correspond  to  the  reactions 

H+  +  F"  HF  (t  ) 

H+  +  HS"  H2S  (u) 

and  H+  +  OgiNC^O"  v---  C^NC^OH  (v) 

The  relaxation  time  corresponding  to  these  reactions  is 

T~' =  kD  +  (C+  +  C_)kR  (192) 


where  C+  and  C  are  the  equilibrium  concentrations  of  the  cation 
and  anion,  respectively.  No  relaxation  time  was  observed  for 
the  HP  system*  therefore,  only  a  lower  limit  for  the  rate  con¬ 
stant  kp  could  be  estimated  corresponding  to  the  time-constant 
of  the  measuring  apparatus.  This  lower  limit  is  =  1.0  x 
1011  sec-'''.  This,  however,  is  also  close  to  the  maximum  value 

expected  for  a  diffusion  controlled  reaction  involving  the  recom¬ 
bination  of  univalent  ions,  calculated  from  eq .  190  with 
a  =  7*5  A.  Therefore,  k^  =  1  x  10^  M-"''  sec'^may  be  a  reasonable 

value  for  the  recombination  of  H  and  F-  ions.  The  reverse  rate 
constant  k^  =  6.  x  10^  is  then  calculated  from  the  known  value 

of  the  equilibrium  constant  for  reaction  t. 

The  interpretation  of  the  steric  factors  associated  with  the 
recombination  of  the  H+  and  HS  ions  (reaction  u)  was  made  in  the 

following  manner.  If  one  assumes  an  effective  reaction  distance 
o 

of  7.5  A  and  approximately  the  same  diffusion  coefficients  as 

+  -  11 

for  H  and  F  ,  one  would  again  expect  k^  =  1  x  10  .  However, 

Eigen  and  Kustin  argue  that  the  ion  HS-  should  be  sterically 
hindered  to  an  extent  sufficient  to  reduce  the  effective  colli¬ 
sions  by  about  25$.  Therefore,  a  steric  factor  of  about  0.75 
is  expected,  yielding  the  rate  constant  k^  7.5  x  lO''-0  M-'*'  sec-''". 
That  this  is  in  exact  agreement  with  the  experimental  value  is 
perhaps  fortuitous,  but  it  is  significant  that  one  can  make  quite 
reasonable  estimates  of  the  rate  constants  for  diffusion-con¬ 
trolled  ionic  reactions. 

The  ionization  of  solutions  of  water-soluble  gases  consti¬ 


tutes  an  interesting  type  of  protolytic  reaction.  Two  such 

systems — water  solutions  of  SOp  and  COp —  have  been  studied  by 
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various  relaxation  techniques.  The  overall  reactions  may  be 
represented  by 

H+  +  HSO^"  ^r±  S02  +  H20  (w) 

and 

H+  +  HCO  "  C02  +  Ho0  (x) 

for  solutions  of  sulfur  dioxide1^®  and  carbon  dioxide,10^ 
respectively.  The  relaxation  time  corresponding  to  reactions  w 
and  x  is 


T~‘  =  kD  +  (CR+  +  CA-)kR  (193) 

1 0  8 

Ultrasonic  absorption  measurements  were  carried  out  in 
acidified  solutions  of  S02  by  the  optical  method.  ^  p  For  a  solu¬ 
tion  of  0.1  M  total  ionic  strength,  a  single  relaxation  fre¬ 
quency  of  approximately  4  mc/s  was  observed  at  20°C.  From 

8  1  1 

eq.  193»  this  yields  the  rate  constants  kR  =  2  x  10°  M-  sec 

and  kp  =  3.1|  x  10^  sec-1.  The  magnitude  of  the  absorption  cross- 

section11^5  at  this  ionic  strength  was  (Q  A)  =  180  x  10  ^  cm^. 

max 

Knowledge  of  this  quantity  then  allows  (eq.  87)  the  calculation 

3  ~1 

of  the  volume  change  for  the  reaction,  AV°  =  18  crrr  mole  , 
where 


AV°  =  V  +V  -V  -V+ 

a  S02  VH20  VHS03~  vh 


A  more  detailed  analysis,  however,  shows  that  mechanisms  w  and 
x  are  in  fact  oversimplifications  of  a  more  probable  series  of 

118 

See  the  appendix  for  a  brief  discussion  of  the  various  methods 
for  measuring  ultrasonic  absorption. 

11^>See  p.  49  for  the  definition  of  the  absorption  cross-section. 


110 


equilibria  and  that  the  rate  constants  and  thus  obtained 
are  the  "overall"  or  "effective"  rate  constants.  If  one  con¬ 
siders  mathematically  the  mechanism 


H+  + 


(1) 


HSO  ' 


(2) 

h2s°3 

/’ 


(y) 


(3) 


and  the  analogous  reaction  for  C02,  one  obtains  the  relaxation 
times 


r: 


_  / 


k12(CH+ 


+  C 


HSO. 


-)  +  k 


21 


(194) 


k13K12  + 


1  +  +  '^ 


2J_ 


'HSO  T) 


+  k3l  +  k 


32 


(195) 


where  the  subscripts  refer  to  the  rate  constants  and  equilibrium 
constants  for  the  indicated  steps  in  reaction  y.  The  effective 
constants  kp  and  k^  are  related  to  the  constants  for  the  indivi¬ 
dual  steps  by 

kR  =  k13  +  (196) 

and 


k 


D 


(197) 


That  is,  a  simple  interpretation  of  the  equilibria  y  is  formal 
in  nature  and  does  not  necessarily  correspond  to  the  true 
situation. 

A  further  discussion  of  the  mechanism  and  rate  constants  is 

T  Oft 

riven  in  the  original  paper.  °Similar  arguments  with  respect 
to  the  mechanism  and  rate  con."tants  given  in  Table  13  apply  to 


reaction  x  as  well 


Ill 


Eigen  and  hi s  coworkers  have  found  that  o(  -ketoacids 

undergo  more  complicated  dissociation  processes  than  do  simple 

acids  and  bases  such  as  those  given  in  Table  13-  On  the  basis 
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of  the  relaxational  data,  the  following  mechanism  is  proposed 
for  the  dissociation  of  CA,  -ketopropionic  acid: 
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CH^C (0H)2C00H 


From  polarographic  measurements,  the  value  of  k^2  has  been 
obtained  as  1.3  x  10^  M  ^  sec  ^  for  a  0.95  M  solution.  The 
other  rate  constants  were  obtained  from  the  relaxation  times 
determined  by  both  the  pressure  jump  and  temperature  jump  methods 
in  the  vicinity  of  25°C.  An  exact  analysis  is  complicated  by 
the  fact  that  the  measured  relaxation  time  involves  many  of  the 
rate  constants  and  concentrations  associated  with  mechanism  z. 
From  measurements  involving  the  temperature  -  jump  method,  the 
relaxation  time  was  found  to  be  1  sec  at  pH  =  3*0.  This  cor¬ 
responds  to  k^2  =  0.5  sec  Further  details  in  the  interpre¬ 

tation  of  mechanism  z  as  well  as  other  constants  are  to  be  found 
117 

in  the  paper. 
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Thus,  the  measurement  of  relaxation  times  provides  a  means 
for  determining  the  kinetic  parameters  of  chemical  processes 
which  occur  too  rapidly  to  be  studied  by  more  conventional 
techniques.  Relaxation  times  less  than  10~^  sec  are  perhaps 
best  measured  by  ultrasonic  absorption  methods;  times  greater 
than  10-6  may  be  more  conveniently  studied  by  the  step-function 
techniques. 

Future  technical  reports  from  the  Ultrasonics  Research 
Laboratories  of  Western  Reserve  University  will  be  concerned 
with  the  experimental  study  of  specific  systems  of  electrolytic 


solutions 
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APPENDIX 

EXPERIMENTAL  METHODS  FOR  THE  MEASUREMENT  OF  ULTRASONIC 
ABSORPTION  IN  LIQUIDS 


The  shape  of  the  relaxations}.  absorption  per  wavelength 
curve  (Figure  2)  is  of  interest  in  indicating  the  frequency 
range  over  which  absorption  due  to  relaxational  processes  mani¬ 
fests  itself.  The  two  regions  of  linear  variation  of  with 
frequency  are  separated  in  frequency  by  a  factor  of  approxi¬ 
mately  10.  While  It  is  possible  to  study  a  relaxation  process 
over  a  10-fold  frequency  range  by  one  experimental  method,  in 
general  the  location  of  the  relaxation  frequency  is  not  known 
beforehand.  Therefore,  as  wide  a  working  range  as  possible  is 
desirable.  Present  techniques  permit  the  investigation  of 
acoustic  relaxation  processes  over  the  approximate  frequency 
range  10  kc/s  to  perhaps  500  mc/s  in  liquids.  In  the  dis¬ 
cussion  which  follows,  an  attempt  has  been  made  only  to  indi¬ 
cate  the  nature  of  the  individual  experimental  methods.  For 
further  details  of  instrumentation  and  experimental  procedures, 
the  reader  is  referred  to  the  pertinent  literature. 

In  general,  the  various  methods  of  measuring  absorption 
and  velocity  may  be  divided  into  techniques  using  progressive 
wave,  standing  wave,  and  reverberation  methods.  The  first  two 
methods  depend  on  the  measurement  of  the  decrease  in  voltage, 
amplitude,  or  energy  of  the  sound  wave  as  a  function  of  distance 
according  to  the  equation 


I 


I  e 
o 


-2a  x 


(A  -  1) 


A.  Progressive  Wave  Methods 
1.  Pulse  Methods 


In  the  pulse-echo  method  of  measuring  the  absorption  and 
velocity  of  ultrasound,  a  transducer  Is  excited  by  short  bursts 
of  sonic  energy  at  regular  Intervals,  A  reflector  some  dis¬ 
tance  away  returns  the  pulses  to  the  transducer.  The  distance 
between  transducer  and  reflector  is  varied  by  moving  one  or  the 
other  parallel  to  their  common  axis  by  means  of  a  micrometer 
screw.  The  echoes  from  the  reflector  are  detected  by  the  trans¬ 
ducer,  amplified,  and  displayed  on  a  cathode  ray  tube  provided 
with  a  time  base  triggered  by  the  original  pulse.  Velocity  and 
absorption  are  then  deduced  from  the  changes  in  position  and 
amplitude  of  the  echo  as  the  distance  between  transducer  and 
reflector  is  changed.  A  simplified  block  diagram  of  the  appara¬ 
tus  is  shown  in  Figure  A-l. 
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Figure  A-l:  Pulse-echo  aooaratus 


This  method  was  developed  independently  by  Pellam  and 
Galt-*-  and  Pinkerton. 2  Details  for  the  construction  and  opera¬ 
tion  of  pulse  equipment  are  given  by  Andreae  et  al.3  for 
measurements  in  liquids  over  a  range  of  frequencies  of  1  to 
200  mc/s.  They  estimate  the  error  in  an  absorption  measurement 
as  3%  from  15  to  70  mc/s  and  somewhat  higher  outside  these 
limits.  This  method  has  also  been  used  successfully  by,  among 
others,  Teeter, 4  Litovitz, 5  and  Smithson  and  Litovitz. 8 

In  the  two-crystal  variation  of  this  technique,  the  re¬ 
flecting  surface  is  replaced  by  a  receiver  crystal.  The  essen¬ 
tial  features  of  the  apparatus  remain  as  in  the  pulse-echo. 
Among  those  who  have  used  the  two-crystal  technique  are  Tamm, 


lj.  Pellam  and  J,  Galt,  J.  Chera,  Phys.  14 ,  608  (1946). 

Pinkerton,  Proc.  Phys.  Soc.  London  362 ,  286  (1949). 

Andreae,  R.  Pass,  E.  Heasell,  and  J.  Lamb,  Acustica  8, 
131  (1958). 

^*C.  Teeter,  J.  Acoust.  Sec.  Am.  18,  488  (1946). 

'’T  .  Litovitz,  J.  Acoust.  See,  Am.  2^_,  75  (1961). 

^J.  Smithson  and  T.  Litovitz,  J.  Acoust.  Soc.  Am.  28,  482 
(1958). 
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7  8 

Kurtze,  and  Kaiser;'  Andreae,  Ilea  sell,  and  Lamb;  and  Krebs  and 
Lamb9.  A  hydrophone  can  be  substituted  for  the  receiving 

crystal. 10|ll 


2.  Radiation  Pressure 


The  radiation  pressure  method  depends  upon  the  fact  that 
when  sound  waves  are  wholly  or  partly  absorbed  or  reflected  by 
a  plate  they  exert  a  pressure  on  it.  If  waves  of  mean  energy 
density  E  are  normally  incident  on  a  plate  which  reflects  a 
proportion  a  and  absorbs  a  proportion  b  of  the  energy,  the 
pressure  on  the  plate  Is  equal  to  the  difference  between  the 
energy  densities  on  the  two  sides,  (2  a  +  b)E-*-^.  The  maxi¬ 

mum  value  of  this  quantity  is  2E,  and  it  occurs  when  a  is  unity 
and  b  vanishes,  i.e.  when  the  plate  is  a  perfect  reflector. 

The  radiation  pressure  is  proportional  to  the  mean  energy  den¬ 
sity  in  the  beam 

P  =  k'E  =  k  -  (A  -  2) 

r  c 

where  Pr  is  the  radiation  pressure,  I  is  the  sound  intensity, 
c  the  velocity,  and  k  is  a  proportionality  constant.  The 
equipment  is  shown  schematically  in  Figure  A  -  2. 

To  measure  absorpt  i  on^hi  s  met  hod  ,  -*-3-15  ultrasonic  radia¬ 
tion  from  a  quartz  crystal  is  sent  vertically  upward  in  a 


"^K.  Tamm,  G.  Kurtze>and  R.  Kaiser,  Acustica  Jj.,  38O  (I95I4). 

^J.  Andreae,  E.  Heasell,  and  J.  Lamb,  Proc.  Phys.  Soc . (London) 

B6q.  625  (1956). 

^K.  Krebs  and  J.  Lamb,  Proc.  Roy.  Soc.  ( London  )A2liU .  55>8  (1958)* 

^L.  Labaw  and  A.  Williams,  J.  Acoust.  Soc.  Am.  12,  30  (19I47). 

^M.  Smith,  R.  Barrett,  and  R.  Beyer,  J.  Acoust.  Soc.  Am.  23, 

71  (1951). 

*J  ^ 

1  r.  Vigoureux,  Ult ra sonic s ,  John  Wiley  and  Sons,  Inc.,  1951, 

P.  73. 

"^F.  pox  and  g.  Rock,  J.  Acoust.  Soc.  Am.  12 ,  £05  ( 19?4 1 ) . 

■^F.  Fox  and  G.  Rock,  Phys.  Rev.  JO ,  68  (19)|6). 

^E.  Hsu,  J.  Acoust.  Soc.  Am.  1^,  127  (19)|?)» 
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to  ha la nee 


Figure  A-2:  Diagram  of  apparatus  for  absorption 
measurement  by  radiation  pressure 


container  filled  with  the  liquid  under  investigation.  A  flat 
metal  plate  (the  detector)  is  suspended  in  the  beam  from  one 
end  of  a  sensitive  balance.  The  difference  between  the  apparent 
weight  of  the  detector  in  the  presence  and  absence  of  the  sound 
beam  is  proportional  to  the  sound  intensity.  By  changing  the 
separation  of  the  source  and  detector,  a  quantity  similarly  pro¬ 
portional  to  the  intensity  at  the  new  position  can  be  measured. 

As  described,  the  method  must  be  carefully  examined  for 
several  sources  of  error:  the  effects  of  the  surface  tension 
of  the  measured  liquid  on  the  supporting  wire  of  the  detector, 
the  effect  of  which  is  to  cause  a  "sticking"  of  the  detector 
near  the  position  of  balance;  reflections  from  the  walls  of 
the  container  or  from  the  face  of  the  detector  which  may  lead 
to  standing  waves;  and  hydrodynamic  flow  set  up  by  the  passage 
of  the  sound  beam,  causing  an  extra  force  which  is  recorded  by 
the  detector.  With  special  care,  however,  these  effects  may  be 
reduced  or  eliminated. ^7 


■^R.  Beyer  and  M.  Smith,  J.  Acoust.  Soc.  Am.  !l8,  J ) 2I4  (I9U6). 
^M.  Smith  and  R.  Beyer,  ibl  d.  20 ,  608  (19)48). 
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In  a  later  development  of  this  method,  Barrett,  Beyer,  and 
McNamaral®  eliminated  some  of  these  effects  by  modulating  the 
ultrasonic  signal  with  an  audio  frequency.  The  detector  plate 
was  then  replaced  with  a  condenser  microphone  and  the  output  of 
the  low  frequency  voltage  measured.  The  method  as  described 
has  been  operated  over  the  frequency  range  9-27  mc/s  with  an 
accuracy  which  is  said  to  be  comparable  to  that  of  the  pulse-echo 
technique . 


3 .  Optical  Method 

The  optical  method  depends  on  the  fact,  shown  independently 
by  Lucas  and  Biquardl9  and  Debye  and  Sears, 20  that  parallel  light 
incident  on  a  beam  of  ultrasonic  waves  in  a  liquid  or  a  solid  is 
diffracted  by  the  waves  in  much  the  same  way  as  by  a  ruled 
grating.  The  deflection  of  the  n^h  order  spectrum  is  given 

in  terms  of  the  wave-lengths  A  and  ^  of  light  and  sound  by 

sine-  =  >L  ~~~  (A  -  3) 


This  effect  can  be  used  to  determine  both  velocity  and 
absorption.  For  velocity  measurement,  a  photograph  of  the 
diffraction  pattern  is  taken  at  a  distance  d  from  the  sound 
beam  which  is  sufficiently  large  for  the  distance  i  between 
consecutive  fringes  to  be  measured  with  accuracy.  Replacing 
sin  of  eq.  A  -  3  by  i/d  for  sufficiently  small  values  of  -0- 
gives 


A  fd 

c  ~  i 


(A  -  4) 


For  the  measurement  of  ultrasonic  absorption  use  is  made 
of  the  fact  that  as  the  light  is  diffracted,  the  intensity  of 
the  central  fringe  is  a  measure  of  the  acoustical  intensity. 
Thus,  by  measuring  light  intensity  as  a  function  of  distance, 
the  absorption  coefficient  of  the  sound  may  be  determined. 

This  technique  has  been  used  successfully  by  many  workers  among 


18 

UR.  Barrett,  R.  Beyer,  and  F.  McNamara,  J.  Acoust.  Soc.  Am. 

26,  966  (1954L 

■^R.  Lucas  and  P.  Binuard,  J.  phvs.  radium  3.,  46)i  (1932). 

?0 

P.  Debye  and  F.  Sears,  Proc.  Natl,  Acad.  Sci.  U.S.  1_3, 

409  (1932). 
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whom  are  Biquard,  Willis,  Sette,^"5  and  Kurtze  and  I'amm. 

The  latter  made  measurements  over  the  frequency  range  3-100  mc/s, 
and  estimated  the  accuracy  at  about  -  $%. 


B.  Standing  Wave  Methods 

In  the  interferometer  method,  the  basic  design  of  which  was 
developed  by  Pierce^  for  measurement  of  velocity,  a  flat  plate 
is  used  as  a  transducer.  A  plane  reflector  is  set  accurately 
parallel  to  the  transducer  and  at  a  distance  which  can  be  varied. 
As  the  piston  or  reflector  is  moved,  standing  waves  will  result 
within  the  fluid.  The  formation  of  the  standing  wave  field  can 
be  recognized  through  changes  in  the  electrical  impedance  of  the 
transducer. 

The  interferometer  also  has  been  used  to  measure  absorntion. 
The  variation  in  the  current  readinr  in  the  output  amplifier 
stage  of  the  r.f,  generator  is  proportional  to  the  excess  pres¬ 
sure  in  the  sound  beam  at  the  face  of  the  crystal.  If  the  re¬ 
flector  is  moved  through  a  distance  x,  the  path  length -is 
increased  by  2x,  and  hence  the  pressure  of  the  returning  wave 
will  be  decreased  by  the  factor  e~2<*  x.  This  method  is  use¬ 
ful  for  liquids  in  which  the  absorption  coefficient  is  greater 
than  0.1  cm-l. 


C.  Reverberation  Methods 

At  very  low  frequencies,  the  progressive  and  standing  wave 
techniques  just  described  become  difficult  to  use  since  long 
path  lengths,  large  volumes  of  liquid,  and  large  transducers  are 
required.  For  low-absorbing  liquids  below  1  mc/s,  moreover, 
decreases  in  sound  amplitude  due  to  divergence  of  the  beam  may 
equal  or  exceed  that  due  to  absorption.  The  lower  limit  is  thus 
set  by  the  absorption  of  the  liquid  as  well  as  by  the  physical 
dimensions  of  the  absorption-measuring  device.  For  example, 
0(/f2  for  water  at  25°C  is  25  x  10~17  sec^cm-l.  The  path  length 
required  at  100  kc/s  for  the  reduction  by  just  10%  of  the 
amplitude  of  a  plane  wave  is  about  1000  meters.  Such  distances 
are  possible  in  the  laboratory  only  with  a  multi-reflection 


21 

P.  Biquard,  Sur  ^absorption  dec  ondes  ultrasonores  par  les 
liquides ,  Masson,  Pari  s,  3.931? • 

22F%  Willis,  J.  Acoust.  Soc.  Am.  1£,  242  (1947). 

23D.  Sette,  J.  Chem.  Phys.  18,  1592  (1950). 

2l1G.  Kurtze  and  K.  Tamm,  Acustica  j \j  33  (1953). 

25G.  Pierce,  Proc.  Amur.  Acad.  Arts  Sci.  60,  271  (1929). 
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technique,  and  in  fact  one  must  turn  to  cae  open  sea?  and  lakes 
if'  measurement  s  are  to  be  made^k  with  simple  send-receive 
technique  s. 

Reverberation  measurement s  within  a  liquid- filled  vessel 
provide  an  opportunity  to  utilize  the  multiple  reflection  tech¬ 
nique.  The  absorption  coefficient  can  be  calculated  from  the 
rate  of  decay  of  sound  intensity  within  the  vessel.  If  all 
losses  occur  within  the  bulk  of  the  liquid,  the  intensity  I 
is  dependent  In  time  according  to  the  equation 

T  =  I  e~2°^  ct  (A-ij ) 

o 


where  c  is  the  propagation  velocity  and  I0  is  the  intensity  at 
zero  time.  This  equation  may  be  rewritten  as 


cX 


(  .1]P  rib 

C  t 


( A  —  6  ) 


where  r|b  t  *  L.  r  c  r'  >•  <:  It  10  loi  ;  wnjch  occurs  in  time  t. 

Thus  the  measurement  of  the  ringing  time  t  over  a  fixed  decibel 
range  may  be  directly  converted  to  C<  . 


1 .  Resonance  method  (spherical  resonator) 

A  resonator  filled  with  the  liquid  to  be  investigated  is 
excited  as  nearly  as  possible  at  a  radial  normal  mode  of  oscil¬ 
lation.  Such  a  mode  is  characterized  by  a  minimum  of  boundary 
losses.  After  stopping  the  excitation  the  decay  constant  for 
the  system  is  measured.  In  general,  the  wall  (boundary)  losses 
are  dependent  upon  the  liquid  in  the  vessel,  but  to  a  good 
approximation  a  correction  for  the  wall  losses  can  be  made  by 
subtracting  the  decav  constant  of  the  same  normal  mode  of  oscil¬ 
lation  measured  when  the  resonator  is  filled  with  a  standard 
liquid  of  known  absorption  and  ncarlv  the  same  acoustic  impedance. 
This  is  particularly^w^en  the  calibrating  liquid  is  water  and 
the  measured  solutions  are  dilute  salt  solutions.  In  Pig.  A-3 
is  shown  a  typical  arrangement  for  the  spherical  resonator 
method.  This  method  Is  the  result  of  work  by  Leonard  and 


26 
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Wilson2^”-^  ,  Kurtze  and  Tamm-^  ,  and  Moen-^  .  Leonard  and  his 
group  used  a  12-liter  spherical  resonator  in  early  work  and 
later  a  50-liter  resonator  over  the  frequency  range  I4O  kc/s  to 
I4.OO  kc/s,  while  Kurtze  and  Tamm  worked  with  a  2)4-liter  resonator 
from  about  10  kc/s  to  £0  kc/s. 


Figure  A-3:  Spherical  resonator  apparatus 


■3  q 

The  work  of  Karpovich  is  particularly  significant  in  that 
he  showed  that  the  boundary  losses  are  very  much  dependent  upon 
the  liquid  in  the  resonator.  He  used  a  series  of  calibration 


22R.  Leonard,  J.  Acoust.  Soc.  Am.  1_8,  252  (1946). 

28Ibid.  20,  224  (1948). 

2^R.  Leonard,  Absorption  in  Liquids  by  a  Resonator  Method, 

Tech.  Report  No.  1  (Office  of  Haval  Research  Contract 
N-6-onr-27507 ) ,  University  of  California,  Los  Angeles, 
California,  June,  1950* 
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J  0.  Wilson  and  R.  Leonard,  Absorption  of  Ultrasonic  Waves  in 
Aqueous  Solutions  of  Magnesium  Sulfate,  Tech.  Report  No.  4 
(Office  of  Naval  Research  Contract  N-6-onr-27507 ) ,  University 
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liquids  of  widely  different  absorption  coefficients  in  order  to 
determine  wall  losses.  The  accuracy  of  the  method  is  not  great, 
and  depends  upon  the  number  of  measurements  taken  as  well  as  the 
magnitude  of  the  absorption  relative  to  the  boundary  losses. 
Karpovich  estimates  that  the  accuracy  of  a  smooth  curve  drawn 
through  the  lowest  points  to  be  5-10%. 

The  limitations  of  the  method  are  as  follows.  At  very  low 
frequencies  absorption  coefficients  are  so  small  that  any  error 
in  calculating  the  wall  losses  is  significant.  At  high  fre¬ 
quencies,  the  various  radial  and  non-radial  modes  lie  very  close 
together;  hence  it  is  difficult  to  recognize  radial  modes. 
Furthermore,  the  adjustment  of  the  signal  generator  to  a  radial 
mode,  because  of  its  sharpness,  is  difficult.  If  non-radial 
modes  are  excited,  wall  losses  are  much  greater. 

2.  Statistical  reverberation 


This  method  is  similar  to  the  resonance  method  in  that 
ringing  times  of  a  system  are  measured,  but  instead  of  attempting 
to  excite  single  modes  of  normal  oscillation,  a  diffuse  sound 
field  containing  many  modes  statistically  distributed  about  a 
selected  center  frequency  is  employed.  An  approximately 
exponential  decay  results  which  Is  the  mean  decay  of  all  the 
excited  modes.  Since  the  location  of  normal  modes  is  not 
involved,  the  method  may  be  used  at  frequencies  higher  than 
those  normally  employed  with  the  single  mode  method.  Mulders-^ 
used  aluminum  cylinders  from  5 00  to  1500  kc/s,  and  Kurtze  and 
Tamm31  carried  out  their  measurements  in  aluminum  tanks  of  100 
liter  capacity  over  the  frequency  range  50-1000  kc/s.  The  pre¬ 
cision  of  the  measurements  is  comparable  to  that  of  the  resonance 
method;  the  accuracy  is  contingent  on  the  availability  of  suit¬ 
able  liquids  of  known  absorption  for  determining  wall  losses. 


D.  Direct  Methods 


1 .  Acoustic  streaming; 


Another  method  for  measuring  the  absorption  coefficient  of 
liquids  is  provided  by  the  rate  of  acoustic  streaming  which 
results  when  a  plane  progressive  wave  is  propagated  through  an 
attenuating  medium.  According  to  Poiseuille,  the  flow  velocity 
v0  of  a  liquid  along  the  axis  of  a  tube  of  radius  r  and  length  d 
Is  given  by 


v 

o 


APr? 

4 


( A-7 ) 
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C.  Mulders,  Apol .  Sci.  Research  Bl,  D49  (1949  S  B1 ,  3)1! 
(1950). 


122 


where  AP  is  the  difference  in  oressure  between  the  ends  of  the 
tube  and  7^  is  the  coefficient  of  shear  viscosity  of  the  fluid, 

•3  g 

This  method  was  first  used  by  Piercy  and  Lamb  near 
1  mc/s  to  measure  absorption  in  liquids.  Their  experimental 
arrangement  is  shown  in  Figure  A-4  and  involves  the  use  of  a 
beam  of  progressive  waves  in  a  main  tube  and  a  small  side  tube 


Figure  A— [j. :  Apoaratus  for  measurement  of  ultrasonic 
absorntion  from  acoustic  streaming. 


which  provides  a  return  oath  for  the  streaming 
velocity  in  the  side  tube  is 


The  stream! nr 


2/,  -20<d, 

r  (1  -  e  ) 


(A-8) 


where  F0  is  the  acoustic  energy  density  at  the  end  of  the  side 
tube  nearest  the  transducer.  The  pressure  difference  AP 
arises  from  the  change  in  radiation  pressure  due  to  attenuation 
of  the  sound  wave  over  a  pathlength  d  in  the  tube.  The  velocity 
v.  was  obtained  by  following  the  motion  of  small  aluminum  parti¬ 
cles  in  the  side  tube  by  means  of  a  microscope.  The  energy 
density  Ec  is  determined  by  the  radiation  pressure  vane.  At 
1  mc/s  Piercy  and  Lamb  obtained  results  good  to  within  about  10/ 


Pie  rev  and 


Lamb,  Proc. 


Soc.  (London)  A226,  33  (1731.1  ). 
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for  several  liquids.  In  a  later  development,  Hall  and  Lamb 
extended  the  frequency  range  of  this  method  down  to  100  kc/s  with 
an  accuracy  estimated  at  ±  11%  at  130  kc/s  in  a  highly  absorbing 
liquid  such  as  carbon  disulfide. 


2.  Thermal  and  calorimetric  methods 


These  methods  arise  from  the  fact-  that  sound  energy  absorbed 
in  a  medium  Is  converted  to  thermal  energy.  This  orinciple  has 
been  applied  to  the  measurement  of  the  absorotion  coefficient  in 
liquids  by  measuring  the  temperature  rise  associated  with  the 
sound  absorption.  It  has  been  shown37  that  the  initial  rate  of 
temperature  rise  in  an  absorbing  medium  is  given  by 


/dT\  _  Ot  I 

I  dt  pTTo 

\  I  o  \  ^ 


(A-9  ) 


where  I  is  the  acoustic  intensity,  p  the  density,  Cg  the  heat 
capacity,  and  C>{  the  absorption  coefficient  of  the  medium. 

Thus,  a  measurement  of  the  initial  temperature  rise  in  the 
liquid  and  knowledge  of  the  quantities  p  and  Cg, allows  the 
calculation  of  either  the  absorption  coefficient  if  the  absolute 
sound  intensity  is  known,  or  of  the  intensity  if  the  propagation 
is  carried  out  in  a  medium  of  known  absorption.  This  method  has 
been  applied33  essentially  as  described  to  the  measurement  of 
the  absorption  coefficient  in  castor  oil  in  the  vicinity  of  1 
mc/s.  Rectangular  pulses  of  sound  energy  of  one  second  duration 
were  propagated  through  castor  oil.  The  resulting  temperature 
rise  was  detected  by  means  of  a  copper-constantan  thermocouple. 

In  practice,  corrections  must  be  applied  for  heat  conduction  in 
the  thermocouple  wires  and  for  boundary  losses. 

Apparatus  is  presently  under  construction  in  the  Ultrasonics 
Research  Laboratories  of  Western  Reserve  University  for  the 
measurement  of  ultrasonic  absorption  by  thermal  techniques  below 
1  mc/s.  In  pure  organic  liquids  such  as  castor  oil,  direct 
measurement  of  the  temperature  rise  by  means  of  sensitive  ther¬ 
mistor  probes  appears  feasible.  In  the  case  of  solutions  of 
electrolytes,  it  may  be  more  convenient  to  measure  the  change  in 
electrical  conductivity  associated  with  the  temperature  rise. 

Parthasarathy  and  Mathur '  s^0 variation  of  the  thermal 
method  for  measuring  ultrasonic  absorption  has  resulted  in  an 


3^D.  Hall  and  J.  Lamb,  Proc.  Phys.  Soc.  373  .  354  (1959)* 

37W.  Fry  and  R.  Fry,  J.  Acoust.  Soc.  Am.  2_6,  294  (1954)* 

3^W.  Fry  and  R.  Fry,  J.  Acoust.  Soc.  Am.  26_,  311  (1934)* 
Parthasarathy  and  S.  Mathur,  Nature  17°,  373  (1956). 
,4°S.  Parthasarathy  and  S.  Mathur,  Ann.  Phys.  l^.,  2lj2  (1956). 
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essentially  calorimetric  technique.  A  strong  beam  of  ultrasonic 
waves  is  produced  in  a  liquid  in  a  tank  which  is  surrounded  by 
a  constant  temperature  bath.  A  brass  cell  with  two  thin  mica 
windows  to  permit  the  passage  of  sound  is  filled  with  the  same 
liquid  and  placed  in  the  tank.  Under  ultrasonic  radiation,  the 
liquid  heats  and  eventually  reaches  a  constant  temperature  when 
the  ultrasonic  heating  is  balanced  by  conduction  losses.  The 
temperature  difference  between  the  liquid  in  the  cell  and  that 
in  the  tank  is  then  measured  with  a  sensitive  thermocouple.  The 
steadv-state  temperature  difference  is  related  to  the  acoustic 
intensity  and  absorption  coefficient  by 

I  (1  -  e"2C<d)  =  JH  =  k  AT  =  K-0J  (A-10) 


where  IQ  is  the  sound  intensity  at  the  first  mica  window  in  the 
cell,  d  is  the  length  of  the  cell,  H  is  the  heat  difference 
between  the  tank  and  cell,  J  is  Joule's  mechanical  equivalent  of 
heat,  -0q  is  a  galvanometer  deflection  corresoonding  to  the 
temperature  difference  AT,  and  k  and  K  are  constants. 

The  method  may  be  used  as  described  if  one  knows  the  sound 
intensity  IQ,  or  the  measurement  may  be  repeated  with  the  cell 
positioned  at  some  distance  x  from  the  first  position  within  the 
tank.  Then 

I  (1  -  e"20<d)  e~2CXx  =  K-0-  ( A-ll  ) 

O  2 


In  this  case,  neither  the  proportionality 
absolute  sound  intensity  is  needed,  since 


cA 


In 


£l 

o2 


constant 


nor  the 


(A-12) 


Necessary  nrecautionr.  include  the  or-oper  alignment  of  the 
cell  so  that  the  movement  is  alone  the  axis  of  the  sound  beam, 
and  the  elimination  of  reflections  from  the  remote  end  of  the 
tank.  Measurements  reported  by  this  method  in  various  organic 
liquids  at  £  nic/s  are  in  good  agreement  with  those  by  other 
methods. 


Further  details  concerning  many  of  these  methods  are  to  be 
found  in  the  literature .  J1 
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See,  for  example,  Z.  Elektrochem.  6)j_,  6^  (i960)  and 
6lj_,  73  (I960). 
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